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ABSTRACT 
The o b j e c t i v e  of t h i s  program w a s  t h e  development of r e l i a b l e  thermal  c e l l s  
0 
o p e r a t i n g  a t  800 F. Two c u r r e n t  ou tpu t s  were r e q u i r e d ,  namely, 87.5 m a  f o r  144 
hours  and 264 m a  f o r  48 hours .  The b a s i c  cell w a s  t o  c o n s i s t  of a magnesium anode, 
8. copper oxide ca thode ,  a s u i t a b l e  s e p a r a t o r ,  and pure e u t e c t i c  L i Z l - K G l  e l e c t r o l y t e .  
d 
The i n i t i a l  work concen t r a t ed  on t h e  choice  of t h e  b e s t  of f i v e  proposed 
s e p a r a t o r s ,  f i v e  ca thode  c o n f i g u r a t i o n s ,  and f i v e  CuO/Cu20 cathode composi t ions.  
F u l l  c e l l s  u s i n g  100% CuO and 100% Cu20 needle  t y p e  ca thodes  and V i t r o n  E 
s e p a r a t o r  ope ra t ed  s a t i s f a c t o r i l y  a t  t h e  t w o  and s i x  day r a t e s .  Cathodes made of 
100% CuO showed e f f i c i e n c i e s  be t s~een  67.1 and 89.0% a t  t h e  t w o  day d i scha rge  r a t e  
while  t h e  e f f i c i e n c i e s  a t  t h e  s i x  day d i scha rge  r a t e  were between 75.0 and 78.2%. 
I n  a s i m i l a r  f a s h i o n  f o r  100% Cu 0 ca thodes  a t  t h e  t w o  and s i x  day d i scha rge  r a t e s  
were between 78.5 and 88.8% and then  71.4 and 82.7$, r e s p e c t i v e l y .  
2 
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c up r i c  oxide need le s  is  recommended.. 
A des ign  f o r  a 50 Ampere hour c e l l  a r r i v e d  a t  from documented r e s u l t s  of 1 4  
Ampere hour t e s t s  i s  p resen ted  i n  d e t a i l  and recommendations a r e  inc luded  f o r  com- 
ponent improvements. A method i s  desc r ibed  t o  c o n t r o l  excess ive  cat'node expansion 
du r ing  d i scha rge  a l o n g  wi th  d e t a i l s  a l lowing  t h e  c e l l  t o  be ope ra t ed  omnipos i t iona2ly  
and under ze ro  g r a v i t y  c o n d i t i o n s .  
The r e p o r t  a l s o  c o n t a i n s  r e s u l t s  and conc lus ions  o f  t h e  f o l l o w i n g  experiments:  
F u l l  c e l l  t e s t s  
E vs  I, E vs t, s t a b i l i t y ,  sui-face a r e a ,  p o r o s i t y  and s o l u b i l i t y  o f  $lie cathode 
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CONTRACT OBJECTIVES 
DEVELOPMENT OF A LONG LIFE THERMAL CELL 
The r e s e a r c h  under c o n t r a c t  NAS 3-8517 i s  d i r e c t e d  toward t h e  development of 
a thermal  b a t t e r y  u s i n g  a magnesium anode, copper  oxide ca thode ,  a s e p a r a t o r  and 
e u t e c t i c  f u s e d  sa l t ,  59 mole pe rcen t  l i t h i u m  c h l o r i d e  p l u s  41 mole pe rcen t  po tas -  
sium c h l o r i d e ,  o p e r a t i n g  a t  BOOOF ( 4 2 7 O C ) .  
l i f e  of 4% hours o r  144 hours  depending upon t h e  c u r r e n t  d r a i n  f r o m  t h e  c e l l .  T h e .  
work i s  be ing  c a r r i e d  o u t  f o r  t h e  Na t iona l  Aeronaut ics  and Space Adminis t ra t ion ,  
w i th  Mr. J. E.  D i l l e y  as t h e  c o n t r a c t i n g  o f f i c e r ,  Mr. M .  Unger and D r .  L. T h a l l e r  
as t e c h n i c a l  moni tors .  The p r i n c i p a l  i n v e s t i g a t o r  i s  James R .  Moser. 
A development is aimed t o  ach ieve  a 
a 

SUMMARY AND CONCLUSIONS 
1. F u l l  c e l l s  u s i n g  100% CuO and 100% Cu 0 needle  type  ca thodes  and V i t r o n  E 
s e p a r a t o r  ope ra t ed  s a t i s f a c t o r i l y  a t  t h e  two and s i x  day d i scha rge  r a t e s .  
Cathodes made of 100% CuO showed e f f i c i e n c i e s  between 67.1 and 89.9% a t  t h e  
t w o  day d i s c h a r g e  r a t e  whi le  t h e  e f f i c i e n c i e s  a t  t h e  s i x  day d i scha rge  r a t e  
were between 75.0 and 78.2%. 
2 
a 
t 
I n  a s imilar  f a s h i o n  f o r - 1 0 0 %  Cu20 ca thodes  a t  
t h e  two and s i x  day d i scha rge  r a t e s  were between 78.5 and 88.8% and t h e n  71.4 
0 
and 82.7%, r e s p e c t i v e l y .  
gm f o r  CuO and 1 .35  x 10  
ca thodes  a r e  recommended. Mixes of t h e  oxides  were shown t o  p r e s e n t  no ad- 
Therefore ,  based on energy  d e n s i t y  (2 .42 x 10  
coul./gm f o r  Cu20) and e a s e  of f a b r i c a t i o n ,  100% CuO 
c o u l . 1  
3 
vantage .  
2.  A f e a s i b l e  5011-hr c e l l  d e s i g n  is  p resen ted .  
3. A method t o  c o n t r o l  excess ive  ca thode  expansion du r ing  c e l l  d i scha rge  i s  
desc r ibed .  
. - -  I I ,  
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cath0d.o wi th  e l e c t r o l y t e  du r ing  t h e  c e l l  " s t a r t - u p " .  
5. C a l c u l a t i o n s  i n d i c a t e  t h a t  a l l  void can  be e l i m i n a t e d  from t h e  c e l l  s o  t h a t  it 
i s  capab le  o f  omnipos i t i ona l  o p e r a t i o n  a t  ze ro  g r a v i t y .  
6. Copper needle  ca thodes  gabe t h e  most mechanica l ly  s t a b l e  ca thode  c o n f i g u r a t i o n  
under dynamic t e s t s  and b e t t e r  o r  equa l  e l e c t r o c h e m i c a l  performance t h a n  t h e  
o t h e r  c o n f i g u r a t i o n s  . 
A procedure has  been developed by which copper can  be p r e f e r e n t i a l l y  the rma l ly  7 .  
ox id ized  t o  CuO, Cu 0 o r  de f ined  mix tu res .  2 
8. B.E.T. s u r f a c e  area,  measurements of t h e  cathode do n o t  c o r r o l a t e  w i t h  e l e c t r o -  
chemica l  d a t a .  Therefore ,  it i s  sugges ted  tha,tJ f i n e  pores  i n  t h e  cathode do 
n o t  a p p r e c i a b l y  c o n t r i b u t e  t o  t h e  r e d u c t i o n .  Rather ,  it appea r s  t h a t  macro- 
pores  c o n t r i b u t e  t h e  m a j o r i t y  of t h e  c u r r e n t .  
3 
9. High porosity cathodes perform better than low porosity cathodes; likewise, 
low bulk density electrodes perform better than high bulk density. 
Results show that- 0.25 grams of CuO and - 0.75 grams of CusO per 100 ml. of 
electrolyte is dissolved dr suspended at 427 C .  CuO cathodes show lowsr  self 
discharge rates than Cu,O cathodes as shown in Table 2.' 
Satisfactory Mg anodes can be prepared by pressing Mg powder at 50 tonslin. 
or from Mg rods. 
10. 
0 
* 
2 
11. 
0 
12. Vitron E was shown to be stable in molten eutectic for 200 hrs. at 427 C and 
showed the least resistance (2.42 x lo-' n/mil at 1000 cps) of all separators 
tested. 
4 
INTRODUCTION 
GENERAL 
The principal point of investigation concerned the development of a suitable 
cathode and separator in a M~/LiCl-KCl~iCl-KCl/~u~O-CuO cell. 
reduction procedures in air or inert gas respectively are involved in the prepara- 
tion of the cathode materi8l. Several cathode configurations such as grids, spongy 
electrodeposited copper, powders, sintered powders, a,qd fine needles presented 
promising approaches. 
Thermal oxidatjon and 
The sturdiness of the electrode also must be considered when preparing copper 
oxide cathodes. When initial current is passed, the copper oxide reduces to ele- 
mental copper. If the cathode has a very l ow porosity, it will be encased in a 
copper sheath causing heavy polarization. This is due to the lack of active 
material in contact with electrolyte that can be reduced. This might be con- 
sidered as an extreme case of concentration polarization. 
Wlzenever one works with a powdery substance, such as copper oxide, it can be 
expected that small particles will be suspended in the electrolyte. Secondly, one 
would expect some dissolution and chemical reaction in and with a fused chloride 
electrolyte. Upon contact of the copper species with an anode, a local oxidation/ 
reduction reaction would occur. The result is a copper clad magnesium anode with 
a potential much lower than that expected from magnesium. A l l  this implies the use 
of a separator. 
I 
The final proof of these components rests in their actual electrochemical per- 
formance. Galvanostatic potential versus current experiments were performed to 
indicate the cathode composition with the least polarization. The majority of the 
cathode structure-compositions were also tested at a constant current o f  264 o r  
87.5 milliamperes while recording the potential-time characteristics of the 
electrode. All electrodes iested had the same geometric area and a coulombic 
capacity of a nominal 14 ampere hours. The tests were designed to run a total of 48 
or 144 hours assuming a 90% utilization of the active materials. 
5 
This report is divided into four sections: Task I covers the cathode evalu- 
ation, Task I1 discusses the separator study, Task I11 gives the data obtained from 
integral unit single cell testing and Task IV outlines design recommendations for a 
50 A-hr cell. 
Tasks I11 and IV are presented in the front part of the report as a culmination 
* ?  
Tasks I and I1 and integration of data found in Status Report #1, Tasks f and 11. 
are presented after Tasks 111 and IV to combine a final and complete report under 
I one cover. 
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TASK I11 SINGLE CELL TESTS 
A .  CELL CONSTRUCTION 
I n  des ign ing  t h e  pro to type  c e l l  used i n  t h e  f ina l .  t e s t  phase,  a l l  in fo rma t ion  
gained f r o m  previous  t e s t s  and exper imenta t ion  was examined ca re fuTly  t o  a r r i v e  
a t  a d e s i g n  t h a t  was based,on documentation. S e v e r a l  p a r t s  o f  t h e  d e s i g n  however, 
su2h as electron-beam-welding and s p e c i f i c  b razes  had t o  be eva lua ted  as t h e  t e s t s  * 
progressed .  F igu res  1-a t o  1- j  show t h e  d e s i g n  used i n  t h i s  Task. The des ign  i s  
shown only  for t h e  c e l l  u s i n g  100% CuO as t h e  cathode even though c e l l s  u s i n g  100% 
Cu 0 were a l s o  t e s t e d .  The on ly  d i € f e r e n c e  i n  t h e  two c e l l s  w a s  t h e  h e i g h t  o f  t h e  
cathode,  % . e . ,  w i th  CuO t h e  cathode h e i g h t  w a s  0 . 8  cm whi le  t h e  CuzO cathode h e i g h t  
was 1.4 cm. A l l  o t h e r  r e l a t i v e  and a b s o l u t e  dimensions remained t h e  same. More 
2 
s p e c i f i c a l l y ,  a l l  d i ame te r s  were unchanged, anode and s e p a r a t o r  dimensions remained 
unchanged, d i s t a n c e  between t h e  t o p  of t h e  cathode and bottom of t h e  anode remained 
3.1 cm, and t h e  h e i g h t  of t h e  e l e c t r o l y t e  l e v e l  and can  i n c r e a s e d  s l i g h t l y  when 
us ing  t h e  Cu 0 ca thode .  2 
The c y l i n d r i c a l  p o r t i o n  of t h e  c e l l  ca se  w a s  c u t  €rom N o .  122 copper ,  which 
was 99.98% copper  and 0.02% phosphorous. None of t h e  copper  used w a s  oxygen f r e e  
high c o n d u c t i v i t y  copper .  The header  and bottom o f  t h e  c e l l  ca se  were c u t  from 
No. 110 copper  wi th  i t s  a n a l y s i s  showing: 
99.9+% cu 
Other  u n i d e n t i f i e d  i m p u r i t i e s  
The i n s u l a t e d  anode f e e d  through on t h e  header  w a s  ob ta ined  f r o m  t h e  U .  S. 
Stoneware Company, Cleveland,  Ohio. 
header  wa,s n i i k e l  t o  a s s u r e  no c o r r o s i o n  a t  th i s  p o i n t  due t o  t h e  salt  a c t i o n .  
The me ta l  of t h e  feed- through brazed  t o  t h e  
The i n s u l a t o r  p o r t i o n  was cera,mic whi le  t h e  c e n t r a l  me ta l  connec t ion  v~as i r o n .  
I r o n  w a s  cons ide red  s a t i s f a c t o r y  a t  t h i s  p o i n t  s i n c e  it was w e l l  removed f r o m  t h e  
molten s a l t .  
7 
The anode connec to r  (as shown i n  F igu re  1 - j )  was c o n s t r u c t e d  of n i c k e l .  A f t e r  
a t t e m p t i n g  s e v e r a l  methods of connec t ing  t h e  n i c k e l  t o  t h e  magnesium anode, t h i s  
p a r t i c u l a r  des ign  proved most s a t i s f a c t o r y .  With t h i s  connec tor  des ign ,  no c e l l  
f a i l u r e s  were a t t r i b u t e d  t o  a n  anode d i sconnec t .  
I 
0 
The s e p a r a t o r  m a t e r i a l  found t o  wi ths t and  t h i s  tempera ture  (427 C )  f o r  extended 
pe r iods  o f  t ime and t o  have t h e  lowes t  s p e c i f l c  r e s i s t a n c e  d u r i n g  previous  t e s t i n g  
w a s  V ic t ron  E (See S e c t i o n  11). Figure  1-c  shows t h e  i n i t i a l  dimensions of t h e  
s e p a r a t o r  be fo re  assembly and F igure  1-a g i v e s  t h e  average  dimensions a f t e r  
assembly. The s e p a r a t o r  m a t e r i a l  a t  p r e p a r a t i o n  w a s  main ta ined  a t  a d e n s i t y  of 
0.01 grams/cc having  a t o t a l  weight  o f  0.655 -t 0.030 grams. This  t o l e r a n c e  w a s  - 
v igorous ly  h e l d  i n  a l l  t h e  t e s t s  t o  e l i m i n t t e  any v a r i a b l e  due t o  t h e  s e p a t a t o r .  
The t h r e e  f e e t  used t o  immobilize t h e  cathode du r ing  t h e  c e l l  c o n s t r u c t i o n  and 
i n  t h e  i n i t i a l  s t a g e s  of c u r r e n t  d r a i n  were a l s o  made f r o m  n i c k e l .  These f e e t  
welded t o  t h e  case .  During d i scha rge  t h e  ca thode  e n l a r g e s  f r o m  two t o  f o u r  t imes  
i t s  i n i t i a l  volume and s e c u r e l y  b races  i t s e l f  a g a i n s t  t h e  c e l l  c a s e .  I n i t i a l l y  
t h e  f e e t  were des igned  s o  t h a t  t h e y  would bend upward as t h e  cathode expanded 
and s t i l l  ma in ta in  a n  o v e r a l l  downward p res su re  on t h e  ca thode  due t o  t h e  s l i g h t  
s p r i n g  a c t i o n  o f  t h e  n i c k e l .  Even though t h i s  d e s i g n  func t ioned  we l l ,  pos t -  
mortem o f  t h e  s p e n t  c e l l s  i n d i c a t e d  t h a t  t h e  expanding cathode grew around t h e  
f e e t  r a t h e r  t h a n  f o r c i n g  them upward and e v e n t u a l l y  f l a t t e n i n g  them a g a i n s t  t h e  
c e l l  c a s e .  From t h i s  s t a n d p o i n t ,  a more p r a c t i c a l  d e s i g n  f o r  t h e  "hold-down" 
f u n c t i o n  would be t o  use  a r e t a i n e r  r i n g  a g a i n s t  t h e  ca thode  and spot-weld t o  
t h e  c a s e  t o  a s s u r e  r e g i d i t y .  
The ca thode  was prepared from copper need le s  5 m i l l i m e t e r s  l o n g  by 0.14 m i l l i -  
meters  i n  d iameter  (5 .5  m i l s )  when p repa r ing  CuO; need le s  o f  5 m i l l i m e t e r s  l o n g  by 
0.38 m i l l i m e t e r s  i n  d iameter  were used when p repa r ing  Cu 0 e l e c t r o d e s .  T'ne 
8 
2 
s p e c i f i c  method used t o  s i n t e r  t h e  need le s  t o g e t h e r  and t o  ox id i ze  thorn t o  ctt0 
o r  Cu 0 i s  g iven  i n  d e t a i l  i n  S e c t i o n  I V - A - 1 1 .  2 
B.  TESTING SCHEDULE AND TESTING CONDITIONS 
I 
The t a b l e  below i n d i c a t e s  t h e  schedule  by which t h e  s i n g l e  c e l l s  were testor!, 
Table  1. T e s t  Schedule  
100% cuzo '2 Day 
From previous  t e s t i n g  o f  pure CuO and pure Cu 0 and t h r e e  i n t e r m e d i a t e  mixtures ,  
we dec ided  t h a t  no a p p r e c i a b l e  d i f f e r e n c e  e x i s t e d  i n  t h e i r  electrochemFca1. per-  
2 
- .  formance. Conseauent lv .  + ,h is  F i n a l  t n s - t i n m  T r m c  1-:-;+--1 I'-- - - - -  .__-------"A. ' ' *  "I "I&". 
two extremes,  t h e  GuO and Cu20. 
A l l  t e s t s  were conducted a t  427OC (800'F) i n  a n  a rgon  atmosphere.  An i n e r t  
atmosphere w a s  necessa ry  t o  prevent  excess ive  c o r r o s i o n  of t h e  copper cases .  Any 
i n e r t  atmosphere would have been s u f f i c i e n t ,  such  as N He, e t c . ,  b u t  a rgon  was 
r e a d i l y  a v a i l a b l e  and t h u s  conven ien t .  
2' 
The c e l l s  were d i scha rged  a t  a c o n s t a n t  c u r r e n t ,  t h e  c u r r e n t  depending upon 
the proposed l e n g t h  of d i scha rge  t ime .  
c a p a c i t y  ca thode  d i scha rged  t o  90% o f  i t s  c a p a c i t y  (12.6 A m p - H r s )  was c a l c u l a t e d  
t o  be 87.5 mi l l iamperes  f o r  t h e  s i x  day r a t e  and 264 mi l l iamperes  f o r  t h e  two 
day r a t e .  S ince  t h e  p r o j e c t e d  cathode a r e a  was 9 .6  cm , t h e  c u r r e n t  d e n s i t i e s  
2 were, r e s p e c t i v e l y ,  9 . 1  and 27.5 ma/cm . 
u s i n g  Var ian  G-14A r e c o r d e r s .  Cur ren t  v s .  t i m e  cu rves  were a l s o  obta inod  t o  
a s c e r t a i n  t h a t  c u r r e n t  remained c o n s t a n t  throu.ghout t h e  t e s t .  A.P.I. cu t -o f f  
The d i scha rge  r a t e  f o r  a nominal 1 4  Amp-Hr 
2 
P o t e n t i a l  v s .  t ime curves  were recorda .?  
c o n t r o l s  were used t o  cu t -of f  c u r r e n t  to t h e  c e l l  and power to t h e  f u r n a c e  when 
t h e  c e l l  v o l t a g e  dropped t o  o r  below 0 . 5 ~ .  Temperatures i n  a l l  tes ts  were con- 
t r o l l e d  to + - 3 O C .  The thermocouple senso r  w a s  e l e c t r i c a l l y  i s o l a t e d  from bu t  
a t t a c h e d  to t h e  o u t s i d e  of t h e  c e l l  c a s e .  Previous  c a l i b r a t i o n  under  t h e  same 
c o n d i t i o n s ,  except  t h a t  a second thermocouple w a s  p laced i n s i d e  t h e  c e l l ,  i n d i -  
8 
0 . .  
c a t e d  what tempera ture  c o r r e c t i o n  w a s  necessa ry  t o  keep t h e  c e l l  c o n t e n t s  a t  t h e  
proper  tempera ture .  
0 
I n  a l l  ' t e s t s  t h e  c e l l  was exposed t o  t h e  800 F t empera ture  f o r  one hour be fo re  
c u r r e n t  w a s  drawn through t h e  c e l l .  A f t e r  abou t  twenty minutes  t h e  salt  i n  t h e  
c e l l  had melted and t h e  maximum open c i r c u i t  p o t e n t i a l  w a s  ob ta ined  a f t e r  40-45 
minutes  of h e a t i n g .  The peak open c i r c u i t  p o t e n t i a l  remained c o n s t a n t  u n t i l  t h e  
l o a d  w a s  a p p l i e d  t o  t h e  c e l l .  
C .  RESULTS AND DISCUSSION 
prev ious ly ,  a r e  l i s t e d  below i n  Table 2 showing t h e  cathode e f f i c i e n c y ,  t h e  anode 
u t i l i z a t i o n  and t h e  average  s e l f - d i s c h a r g e  c u r r e n t s .  
To o b t a i n  t h e  r e s u l t s  on t h e s e  t h i r t e e n  c e l l s ,  it w a s  necess-ary to c o n s t r u c t  55 
c e l l s .  The r eason  f o r  th i s  was a m a t e r i a l s  problem r a t h e r  t h a n  a n  e l ec t rochemica l  
one. Normally, when electron-beam-welding is  performed on copper ,  it i s  b e s t  t o  
u se  oxygen f r e e  h i g h  c o n d u c t i v i t y  copper .  
rJ 
Orig in81  d e s i g n  of t h e  t e s t  c e l l  c a l l e d  
f o r  normal h e l i - a r c  welding bu t  it w a s  q u i c k l y  found t h a t  t o o  much h e a t  was r e -  
q u i r e d  which caused t h e  e l e c t r o l y t e  t o  evapora t e .  Eaving t h e  c e l l s  a l r e a d y  con- 
s t r u c t e d ,  we c o n t r a c t e d  to have t h e  c e l l s  electron-beam-welded. F i r s t  a t t e m p t s  
were made by t h e  Atlas Chemical Company i n  Va l l ey  Forge,  Pennsylvania .  I n  75% 
of -the c e l l s  which t h e y  welded, c e l l  t e s t s  had t o  be d i scon t inued  due t o  l eakage .  
We t h e n  had Fus ion  Labs, Agawan, Mass. weld twelve u n i t s  o f  which s i x  
10 
Table 2. C e l l  Discharge Resul t s  
I I I I I I 
1s.d. defined on p.  60 
11 
l eaked .  Each of t h e s e  last  twelve c e l l s  had been hel ium l e a k  t e s t e d  a t  room tem- 
p e r a t u r e  a f t e r  weld ing  b u t  showed no l e a k s  u s i n g  t h e  CEC hel ium l e a k  d e t e c t e r  s e n s i -  
-10 
Live t o  10 s t a n d a r d  c u b i c  c e n t i m e t e r s  of hel ium per  second. Later a n a l y s i s  showed 
t h a t  t h e  
t h e  weld 
vapor i ze  
t h e  weld 
weld p e n e t r a t i o n  was on ly  - 40%. 
f a i l u r e s :  1) t h e  copper  c a s e  con ta ined  0.02% phosphorous which would 
d u r i n g  welding caus ing  s m a l l  bubbles  t o  be fbrmed in.-L%e'vJeld and 2) 
was n o t  100% 5.n depth ,  t h e  weld t h i c k n e s s  w a s  n o t  s u f f i c i e n t  t o  provide 
Two reasons  a r e  q u i t e  l i k e l y  i n  e x p l a i n i n g  
# 
s i n c e  - 
0 
r u c t u r a l  i n t e g r i t y  a t  800 F. If copper  i s  t o  be used i n  f u t u r e  t e s t i n g ,  i t  cannot  
be emphasized enough that t i g h t  s p e c i f i c a t i o n s  must be s e t  f o r  t h e  q u a l i t y  o f  t h e  
copper. and € o r  t h e  electron-beam welding. 
F i g u r e s  2 th rough  5 show t h e  p o t e n t i a l  v s .  t ime p r o f i l e  of t h e  twenty  t e s t s  a t  
0 a c o n s t a n t  c u r r e n t  d r a i n  a t  427 C. 
Table 3 g i v e s  a complete  t a b u l a t i o n  of t h e  f i f t y - f i v e  (55 )  c e l l s  t'nat were con- 
q t w l p t o r t  'imn T.H n I e -r>nars ,.ne mfl i.rion ( 1  I we I ri L ~ I U .  U I W  W G J  u DUUULLWL UIIU u ULJUL 
a p p r o p r i a t e  i n fo rma t ion  r e l a t i n g  t o  t h e  success  o r  f a i l u r e  o f  t h e  t e s t .  As can  be, 
s een ,  t h e  m a j o r i t y  of t h e  f a i l u r e s  were due t o  leaks developing  a t  t h e  weld j o i n t s .  
I n  c a s e s  where no l e a k s  developed i n  t h e  c e l l ,  i t  i s  s e e n  t h a t  t h e  e l ec t rochemica l  
system o p e r a t e d  q u i t e  s a t i s f a c t o r i l y .  
Three of t h e  e l e v e n  two day t e s t s  gave s a t i s f a c t o r y  r e s u l t s  t h a t  had t h e  
s e p a r a t o r  p h y s i c a l l y  d i v i d i n g  t h e  c e l l  i n t o  anode and oathode compartments. I n  
, l o s t  c a s e s  t h i s  arrangement  t r apped  a i r  bubbles  below t h e  s e p a r a t o r  ( i n  t h e  cathode 
compartment) b u t  i n  t h e s e  p a r t i c u l a r  c a s e s  t h i s  phenomena d i d  n o t  occur .  
of t h e s e  t e s t s  a r e  shown i n  Table 4 and t h e  p o t e n t i a l  - t ime p r o f i l e s  a r e  shown i n  
F igu res  6 and 7. 
The r e s u l t s  
A t o t a l  o f  t h i r t e e n  c e l l s  were t e s t e d  wi th  t h e  s e p a r a t o r  d i v i d i n g  t h e  c e l l .  I n  
a l l  t e n  c e l l s  that f a i l e d ,  it was observed t h a t  a i r  had been t r appad  i n  t h e  cathode 
compartment. This d e s i g n  was cons ide red  unacceptab le  due t o  low performance r e l i a b i l i t y .  
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Table 3 .  Accepted/Rejected C e l l s  
= S e p a r a t o r  l o c a t e d  between anode and ca thode  R e s u l t s  t a b u l a t e d  i n  Table 
r 
* = Anode enc losed  with s e p a r a t o r  
No. 
~ 1 2 9  
~ 1 3 0  
-- 
5131 
a132 
A133 
1 
a136 
"138 
"1 39 
"1 40 
"141 
*l42 
"143 
"144. -
Weld Type 
He l i - a rc  
He li - a r c  
. .  
Hel i - a rc  
E.B 
E.B 
E.B 
E. B 
E. B 
E.B 
E.B 
E.B 
E.B 
E. B 
E. B 
E.B 
E. B 
P 
Welded 
BY 
C.R.C.  
C . R . C .  
C.R.C.  
Atlas 
A t l a s  
A t l a s  
q e l l  L i f e  
0. h r s .  
5. hrs .  
1. hrs. 
2. h r s .  
11. h r s  . 
43. hrs . 
I I) 
A t l a s  
A t l a s  
Atlas 
A t l a s  
Atlas 
Atlas 
Atlas 
A t l a s  
Atlas 
Atlas 
. .- 'f-.Bhrs . 
3.5hr-s . 
3. h r s .  
1. hrs. 
0. hrs ,  
0 .  hrs .  
1. hrs .  
132. hrs 
41.4hr-s . 
32.9hrs . 
2 
2 
2 
2 
6 
2 
b 
2 
2 
6 
2 
6 
2 
6 
2 
2 
1 
4 f o r  accep ted  t e s t s  "X" 
Tt 
I c c e p t Z  
J 
J 
J 
t 
G j e c t e d  
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
s e p a r a t o r  placemen 
s e p a r a t o r  & cathod 
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TaSle 3 (Continued)  
C e l l  
No. 
8145 
P 
a146 
~ 1 4 7  
"\ s 
~ 1 4 8  
"149 
"150 
E 1 
"1 5 1  
"1 52 
"153' 
"154 
"155 
"156 
J157 
"158 
"159 
"160 
"161 
"162 
"163 
F 
Weld Type 
E.B 
E.B 
E.B 
E.B 
E.B 
E.B 
E.B 
E.B 
E.% 
E.B 
E.B 
E. B 
E. B 
E.B 
E.B 
E.B 
E.B 
E. B 
E.B 
I 
Welded 
BY 
Atlas 
Atlas 
A t l a s  
Atlas 
Atlas 
Atlas 
Atlas 
Atlas 
Atlas 
Atlas 
Atlas 
Atlas 
A t l a s  
A t l a s  
Atlas 
A t l a s  
A t l a s  
Atlas 
Atlas 
C e l l  L i f e  
33. hrs. 
83 h r s .  
48. hrs  . 
' 2 .  h r s .  
44. hrs. 
119. h r s  . 
I 
0. h r s .  
1. h r s .  
31.2hrs. 
0. h r s .  
0. hrs. 
46.4hr-s . 
44.4hrs .  
57. h r s  . 
1. h r s .  
11. h r s  . 
39. hrs e 
44.2hr-s . 
44. h r s  . 
- 
Day 
Rate 
2 
2 
2 
2 
6 
6 
6 
6 
6 
6 
6 
2 
2 
6 
2 
2 
6 
2 
2 
T 
IC oepted 
X 
x 
s 
J 
J 
V 
J 
t 
Rejec ted  
- 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
Reason f o r  F a i l u r e  
Rejec ted  due t o  
s e p a r a t o r  placement 
- 
Believed due t o  l a rge  
d e p o s i t  o f  Cu on 
anode 
Rejec ted  due t o  
s e p a r a t o r  placement 
Rel ieved due t o  
l a r g e  d e p o s i t  o f  
Cu on anode 
Leak a t  t o p  E.B weld 
1 € 
Leak a t  t o p  E,B weld 
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Table 3 (Continued)  
7 
C e l l  
No. 
"164 
"165 
"166 
~ ~ 1 6 7  
. "168 
"169 
"1 70 
"171 
- 
"172 
"173 
*174 
I I 
"175 
"176 
x177 
"178 
"179 
"1 80 
"1 81 
"182 
"183 
-- 
Reid Type 
E.B 
E. B 
E.B 
E. B 
E.B 
E.B 
E.B 
E. B 
E. B 
E.B 
l3.B 
E. 3 
E B B  
E.B 
E.B 
E.B 
E.B 
E.B 
E.B 
E.B 
Welded 
BY 
Atlas 
Atlas 
Atlas 
A t l a s  . 
A t l a s  
Atlas 
Atlas 
A t i a s  
-____I_ 
Fusion  
Fus ion  
Fus ion  
C e l l  L i f e  
3 .  hrs. 
11. h r s  . 
8 47.2hrs.  
.l. hrs . 
41. hrs 
1. hrs .  
2. hrs.  
114 .  l h r s  . 
121.5hr-s . 
123.6hrs . 
27. h r s  . 
I I 
Fusion  
Fus ion  
Fus ion  
Fus ion  
Fus ion  
Fus ion  
Fus ion  
Fus ion  
Fus ion  
55.5hz-s e 
0. hrs. 
77. h r s .  
90. l h r s  . 
2.  h r s .  
2. l h r s  . 
66. h r s  . 
34. h r s .  
1. h r s .  
Day 
Rate 
2 
6 
2 
6 
2 
6 
2 
6 
6 
6 
6 
T< 
Ac o e p ted  
-
J 
J 
J 
J 
J 
J 
J 
J 
J 
J 
r 
J 
J 
J 
J 
J 
J 
J 
J 
J 
Leak a t  base E.B we 
Shor t  l i f e  due t o  
s w e l l i n g  of  cathode 
1 Leak at t o p  E.B weld 
Excessive cathode 
. s w e l l i n g  and l e a k  a t  
Leak a t  base E.B weld 
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Table 4. C e l l  Discharge R e s u l t s  
( S e p a r a t o r  d i v i d i n g  t h e  c e l l  i n t o  a n  anode and cathode compartment) 
A number of t e s t s  have been conducted i n  open pyrex c e l l s  t o  determine t h e  
e f f e c t  of how c r i t i c a l  t h e  placement o f  t h e  s e p a r a t o r  would be. 
u s i n g  t h e  need le  ca thode  c o n f i g u r a t i o n  of bo th  100% CuO and 100% CuzO composi t ion.  
C e l l s  were d i scha rged  wi th  s e p a r a t o r s  i n  t h e  f o l l o w i n g  c o n d i t i o n s  : 
T e s t s  were made 
(1) No s e p a r a t o r  
I C 5  I I I L U  b I I L b n .  3 W U U L V l l r V L  , V . U I "  $ = , i l w u r u  y-L'Yvvu " 6 .  ""y V..*" "-"----- 
( 3 )  1.9 em. t h i c k  s e p a r a t o r ,  0.218 grams p lace  on t o p  t h e  cathode 
( 4 )  
( 5 )  
- I . )  ..( . - -_ .  . .  , .. 
Bulk s e p a r a t o r  comple te ly  e n c l o s i n g  t h e  ca thode .  
Bulk s e p a r a t o r  comple te ly  e n c l o s i n g  t h e  anode. 
The f o l l o w i n g  t a b l e  shows f u r t h e r  c o n d i t i o n s  and t h e  r e s u l t s  o f  t h e  t e s t s .  
The 2 e f f i c i e n c y ,  % u t i l i z a t i o n  and s e l f - d i s c h a r g e  c u r r e n t s  s e r e  used as t h e  
b a s i s  f o r  comparing t h e  e f f e c t  of t h e  v a r i o u s  placements of t h e  s e p a r a t o r .  
The f i r s t  f i v e  t e s t s ,  where no s e p a r a t o r , w a s  used,  i n d i c a t e s  g e n e r a l l y  low 
e f f i c i e n c i e s  and u t i l i z a t i o n s  and h i g h  se l f  -d ischarge  c u r r e n t s .  
cathode t e s t e d  i n d i c a t e d  t h e  h i g h e s t  e f f i c i e n c y  of t h e  group b u t  a l s o  showed a h igh  
s e l f - d i s c h a r g e  c u r r e n t .  C e l l s  w i th  no s e p a r a t o r  i n  g e n e r a l  gave s e l f - d i s c h a r g e  
The one 100% CuO 
c u r r e n t s  2 - 3 t imes  g r e a t e r  t h a n  f o r  t h e  most e f f e c t i v e  s e p a r a t o r  c o n d i t i o n  examined, 
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rl 
a u 
c 
0 
v) 
9 c 
a, e m 
$ 
rl 
14 
k 
0 
$4 
0 rn 
rn 
3 
0 
.ri 
k 
a3 
3 
4-1 
0 
-t= 
0 
a, 
41 
k w 
2 
% 
I 
m 
0 
rl 
P 
a3 
E 
is@. c o n d i t i o n s  (4)  and ( 5 ) .  T e s t s  a t  t h e  s i x  - day r a t e  gave e f f i c i e n c i e s  and u t i l i -  
z a t i o n s  even worse t h a n  those  observed f o r  t h e  two - day r akes .  There seems t o  be no 
q u e s t i o n  t h a t  a separator is d e f i n a t e l y  r e q u i r e d  i n  t h i s  c e l l .  
S e p a r a t o r  c o n d i t i o n s  (2)  and (3)  appea r  t o  r e l i a b l y  i n c r e a s e  t h e . l i f e  o f  t h e  
c e l l .  However e f f i c i e n c y  and u t i l i z a t i o n  a r e  low whi le  t h e  s e l f - d i s c h a r g e  c u r r e n t  
i s  h i g h e r  t h a n  t h a t  seen- f o r  s e p a r a t o r  cond i t ious .  ( 4 )  and ( 5 ) .  
on t o p  t h e  cathode appea r s  t o  somewhat d e t e r  t h e  m i g r a t i o n  o f  t h e  r e d u c i b l e  copper t o  
t h e  anode b u t  n o t  t o  t h e  e x t e n t  d e s i r e d  i n  a n  a c t u a l  c e l l .  Apparent ly  mig ra t ion  o f  
?he s e p a r a t o r  p laced  
the r e d u c i b l e  copper  occurs  around t h e  edges o f  t h e  s e p a r a t o r  i n  t h i s  c o n d i t i o n .  
S e p a r a t o r  c o n d i t i o n s  ( 4 )  and ( 5 )  g i v e  t h e  most a c c e p t a b l e  s e p a r a t o r  conf igu r -  
The c e l l  l i f e  does no t  appea r  t o  be p a r t i c u l a r l y  improved over  c 'ondi t ions a t i o n s .  
(2) and (3 )  b u t  h i g h e r  e f f i c i e n c i e s  and u t i l i z a t i o n s  and lower s e l f - d i s c h a r g e  
c u r r e n t s  a r e  achieved .  This  i n fo rma t ion  i s  p a r t i c u l a r l y  impor tan t  i n  des ign ing  a 
Component p r e p a r a t i o n  and assembly o f  s e a l e d  c e l l s  proved -Lo be e a s i e r  u s i n g  
c o n d i t i o n  ( 5 )  and consequent ly  t h i s  c o n d i t i o n  was adopted € o r  use i n  t h e  Task III 
c e l l  c o n s t r u c t i o n .  
By choosing c o n d i t i o n  ( 5 )  f o r  t h e  s e p a r a t o r  placement,  i . e . ,  wrapping t h e  anode 
wi th  t h e  s e p a r a t o r ,  a n o t h e r  problem w a s  a l s o  e l i m i n a t e d .  I n  many t e s t s  where t h e  
s e p a r a t o r  d iv ided  t h e  c e l l  i n t o  a n  a n o l y t e  and c a t h o l y t e  compartment, a n  air  bubble 
developed and r e s i d e d  i n  t h e  c a t h o l g t e  compartment. This e v e n t u a l l y  caused a n  open 
c i r c u i t  i n  t h e  c e l l  o r  caused t h e  i n t e r n a l  c e l l  r e s i s t a n c e  t o  be h igh  r e s u l t i n g  i n  
ve ry  low v o l t a g e s  when t h e  c e l l  w a s  p laced  under c u r r e n t  d r a i n .  
Three var ia t ions  were examined as p o s s i b l e  ways t o  e l i m i n a t e  t h e  a i r  e n t r a p -  
ment problem: 
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1. Place  t h e  s e p a r a t o r  around t h e  anode, comple te ly  e n c l o s i n g  i t .  The S ~ F ; ~ " , - . ~ ~ .  . 
was p r e s a t u r a t e d  wi th  e l e c t r o l y t e .  
ca thode  can. escape  t o  t h e  void  volume a t  t h e  t o p  o f  t h e  c e l l .  
2. Form each c e l l  component i n t o  a b lock  of s o l i d  e l e c t r o l y t e  and P3semblc 
I n  t h i s  way any bubbles  be ing  expelled fsc. 
I 
* a  
. c e l l  by s t a c k i n g  t h e  b locks .  During t h e  e l e c t r o n  beam welding o f  t h e  "heatiol.", '1. 
-5 c e l l  c a s e  must be evacuated  t o  <lo t o r r .  This  w i l l  evacuate  any  a i r  t r a p p o 4  . 
tween t h e  s o l i d  b locks .  A s  imp l i ed ,  a l l  components a r e  p r e s a t u r a t e d  wi th  e loctrc; ;=. ,  
3. Prepare  t h e  c e l l s  as o r i g i n a l l y  c o n s t r u c t e d  wi th  a n  a n o l y t e  and c a t h o l y t e  i: 
partment b u t  u s i n g  a cathode p r e s a t u r a t e d  i n  vacuum. 
Three c e l l s  of t y p e  1, t w o  c e l l s  of t ype  2 and two  c e l l s  of t ype  3 were t e s t 3 d .  '~.:;- 
d a t a  ob ta ined  from t h e s e  t e s t s  a r e  shown below i n  Table  6. These c e l l s  were d i s -  
charged t o  0.5 v o l t s  a f t e r  which t h e y  were c u t  open and examined € o r  t rapped  e i r .  
* . ., 8 - f - - - -  7 -  L- -I 1 x^.^C,-mF.,a ,.,el 1 ,,*-,z 
, I  
L I l G  U G L L O  I L ~ V I L ~ ~ ,  VIA"  W>IYUV VYI W ~ ~ V U  I.- - "~- . -  -.--_ ,- . 
con ta ined  no en t rapped  air  a t  t h e  conc lus ion  of -the t e s t s .  The "s tacked  block" $8:- 
s i g n  ( c o n d i t i o n  2)  showed one c e l l  c o n t a i n i n g  a n  air  bzbble  ( t e s t  146)  and o m  wVLk 
no air  ent rapped .  
a l s o  r e s u l t e d  i n  one c e l l  having  a i r  t r apped  i n  t h e  ca thode  compartment ( t e s t  145) 
whi le  t h e  o t h e r  t e s t  ( t e s t  145)  w a s  f r e e  of bubble  problems. 
The t e s t s  i n v o l v i n g  t h e  vacuum p r e s a t u r a t e d  cathode ( c o n d i t i i c c  22 
Compaxing the r e s u l t s  o f  t h e s e  t e s t s ,  it i s  s e e n  t h a t  i n  g e n e r a l  t h e  c e l l s  
having  t h e  anodes wrapped g i v e  t h e  m o s t , s a t i s f a c t o r y  performance. 
t h e  on ly  t e s t  examined a t  t h e  s i x  day d i scha rge  r a t e  and shows t h a t  t h e  % u t i l i -  
z a t i o n  and sel-i' d i s c h a r g e  c u r r e n t  i s  impaired as t h e  running  t i n e  i n c r e a s e s .  
T e s t  142 vias 
%e 
e f f i c i e n c y ,  however, was r e l a t i v e l y  una f fec t ed .  Of t h e  remaining f o u r  t e s t s  r u n  
c o n d i t i o n s  2 and 3, a11 t h e  d a t a  ( e x c e p t  t h e  '$, e f € i c i e n c y  of t e s t  147) v m e  ~ n ~ ~ ~ S ' * '  
t o  t h e  c e l l s  c o n s t r u c t e d  f r o m  c o n d i t i o n  1. 
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Favorable  performance and t h e  e l i m i n a t i o n  o f  en t rapped  a i r  bubbles  suppor ted  
t h e  f irst  method of c o n s t r u c t i o n ,  which w a s  i n  t h e  Task IV recommended c e l l  des ign .  
Experiments were made t o  s t a n d a r d i z e  t h e  q u a n t i t y  and bu lk  d e n s i t y  of t h e  
s e p a r a t o r  approved f o r  u s e i i n  t h e  Task I11 c e l l  c o n s t r u c t i o n .  
Twenty (20) samples o f  bu lk  v i t r o n  s e p a r a t o r  were prepared and examined as t o  
4 
i t s  weight and dimensions,  Each sample w a s  1.9 cm h i g h  and had a d iameter  of 3.8 cm. 
These dimensions produced a volume of 21.65 cc  f o r  t h e  sample. Below a r e  l i s t e d  t h e  
weights  of t h e  twenty samples examined. 
1. 0.2346 grams 11. 0.1990 
2. .2047 12. .2139 
3 .  .2899 13. ,1905 
4 .  2090 14. .2168 
5. ,2902 15. .2368 
b e  . z44u ID. .IcJJ4 
7. ,1916 17. .279 5 
8. .1920 18. .19 88 
9. .1804 19. .1938 
10. .2000 20 * .2005 
The average  va lue  of  t h e s e  weights  w a s  0.2176 grams having  a n  average  d e v i a t i o n  of 
3- 0.0461 grams. - 
The volume of a n  a c t u a l  s e p a r a t o r  ( s e e  F igu re  IC) i s  64.7 cc .  By a propor- 
t i o n a l  s c a l e - u p  of t h i s  d a t a ,  t h e  s e p a r a t o r  was cons ide red  a c c e p t a b l e  i f  i t s  weight  
was 0.650 3- 0.030 grams. The d e n s i t y  o f  t h e  s e p a r a t o r  w a s  c a l c u l a t e d  t o  be 0.010 
-t  0.002 grams/cc. 
- 
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Section 1.2 of this report indicates that several spacings between the anode 
and cathode were examined in half-cell tests. More specifically, electrode spacings 
were either 9 mm or 25 mm. 
self discharge. current of the cell. Six cell tests were conducted at the larger 
spacing but no significant im;rovement in performance was indicated. 
were run previous to the tests defining the optimum separator placement in the cell. 
The effect of the improper separator location apparently masked any effect produced 
by the increased electrode separation, Independent tests by Dr. L. T h a J l e r  at NASA- 
It was expected that increased spacing would l o w e r  the 
These tests 
. .  
i 
Lewis indicated improved cell performance at large electrode spacing. Based on these 
data, NASA and CRC agreed to use a 3.1 em spacing for the teses to be conducted in 
Task 111. 
By eliminating the data for cells that leaked, Table 7 was constructed of the 
average values of the efficiency, utilization and self-discharge currents. This 
Cu 0 cathodes perform more satisfactorily. 
Table 7. Average Values of Calculated Results 
2 
. of Tests 
In general, it can be concluded that the two day rate shows higher efficiency, 
higher utilization and l o w e r  self discharge current than does the six day rate. 
On the two day discharge rate Cu 0 shows about 2.8% higher efficiency while at the 
six day discharge rate the CuzO was 0.8% better than the CuO, The utilization was 
2 
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3.0% higher for the Cu20 at the two day rate with the CuO being 10.8% better at the 
six day discharge rate. Cuprous oxide at lower current drain recorded higher self- 
discharge currents than did CuO. At the higher current drain, little difference 
existed in the average sell-discharge. Since a cell normally operates at light to 
medium current drain in operation and since the energy per unit weight in CuO is 
greater than for Cu 0, it is' recommended that the'cathode be constructed from CUD. 
Very little difference exists between the two materials in their discharge character- 
2 
istics as seen from Figures 2 through 5. 
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TASK IV - DESIGN RECOMMENDATIONS 
A. FIFTY AMPERE HOUR CELL DESIGE 
Task TVof this contract requires that a design for a 50 ampere-hour cell be 
proposed based on the results of the previous testing and evaluation of components 
and electrochemical performance. This design is to incorporate all components found 
to provide maximum performarhe at the two and six day discharge rates. 
The design as shown in Figures 8-a through 8-1 is to be considered a design 
from documented results obtained from the experimentation and results of this 
contract. This basic design has. been demonstrated to provide satisfactory per- 
0 
formance at the two and six day discharge rates at 427 C in an inert atmosphere. 
However, from previous knowledge and experience, we feel that a number of design 
improvements should be suggested that will facilitate and make the construction more 
reproducible and reliable. 
1. Cell Case 
R = c o a  nn nil? n r a v i n i i s  t.e,stinn. c o ~ ~ e r  is a satisfactory, inert material for 
the cell case. Due to a number of welding problems which we have experienced, it 
appears imperative that high grade copper, preferably oxygen free high conductivity 
(OFHC) copper, be considered if this material were used. 
From the work of Dr. L. Thaller at NASA-Lewis, it appears that nickel is also 
a satisfactory cell case material. Literature indicates tha,t nickel is essentially 
inert in eutectic LiC1-KC1. 
than does copper and is su-bject to better welds according to Fusion Labs, Inc., 
Agawan, Mass. and NASA-Lewis electron-beam-welding experts. All indications su.ggest 
that nickel is8actually a better selection far the case material than is copper. For 
the above reasons, we recommend the use of nickel for the cell case. 
2. Header 
Nickel also has a greater tensile strength at 427OC 
The same comments apply to the header as given for the cell case. Whatever 
material used f o r  the cell case should be used for the header, i.e., where a Ni 
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cell case is used, a Ni header should be used. 
Consultation with metallurgists indicates that nickel No. 200 welds well and 
has the following chemical composition: 
99.0 % Ni (min) 
0.25% Cu 
0.40% Fe 
0.35% Mn 
0.15% C 
0.35% Si 
0.01% s 
None of the impurities involved appear to be in sufficient quantity to cause cell 
leakage. 
3.  Seal 
The seal used throughout the present work was Constructed of a nicBel outside 
collar, a Geramic insulator and an iron central connector. The outside nickel 
collar was brazed to the header and acted as the positive (+) cell terminal While 
the central iron connector communicated with the anode and acted as the negative 
( - )  cell terminal. 
vide a hermetic seal. 
The ceramic was brazed to the inner and outer contacts to pro- 
From other work done at Catalyst Research Corporation it is well known that 
vgcor insulators are not appreciably attacked by the molten eutectic electrolyte 
and provide a reliable hermetic seal. Other materials such as Kovar and copper- 
clad iron could be used in this application. Seals such as the latter would be 
advantageous for use in these cells due to their ready availability and greater 
flexibility for intercell connection designs. 
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4. Anode Connector 
The anode connec tor  was made from n i c k e l  ( N O .  270, 99.95% Ni; Mg, S i ,  3 ,  
Go, C ,  C r ,  Mn, T i  each  < 0.003%, Fe < 0.005%). 
has  proven t o  be very  r e l i a b k e  i n  p a s t  t e s t i n g .  I n  no c a s e  h a s  any c e l l  fail 
been t r aced .  t o  ?n anode-connector  d i scgnnec t ,  
The d e s i g n  as shown i n  t h e  4ra 
Af te r  each t e s t  t h e  anode ha3 -jJ: 
removed from t h e  connec tor  f o r  r o u t i n e  examinat ion and weighing. The anode i.n:.*;:*- 
i a b l y  i s  s o  t i g h t l y  bound t o  t h e  connec tor  t h a t  a v i s e  and p l i e r s  a r e  require.! ;- 
s e p a r a t e  them. No chemical  o r  e l e c t r o c h e m i c a l  a t t a c k  p r e f e r e n t i a l l y  occurs  kLt the% 
anode-connector j u n c t i o n  but  r a t h e r  t h e  anode r e a c t s  from t h e  s i d e  f a c i n g  t h e  
cathode r a t h e r  un i formly  toward t h e  connec tor  rod.  
It i s  proposed t h a t  t h i s  p a r t i c u l a r  connec tor  d e s i g n  be used i n  any c o n t i n u i r c  
r e s e a r c h  on t h i s  c e l l  system. 
5 5 .  Annde 
The anode used i n  t h e  c e l l  d e s i g n  i s  t h a t  s p e c i f i e d  by NASA i n  b o t h  cornposi t i t* .  
and p u r i t y .  The anode i s  composed of magnesium of t h e  €allowing p u r i t y :  
Mg 9 9 . 8  % o r  g r e a t e r  
T o t a l  A l ,  Cu, Fe, Mn, S i ,  N i  < 0.20% 
C U  < 0.05% 
Ni < 0.01% 
The magnesium i s  o b t a i n e d  from t h e  Dow Chemical Company as 12 i n c h  rods ,  any d i -  
ameter s p e c i f i e d .  The proposed 50 A-hr c e l l  would u t i l i z e  comparable q u a l i t y  
magnesium o b t a i n e d  from t h e  above s u p p l i e r .  
6 .  S e p a r a t o r  
From previous  t e s t i n g  it vias found t h a t  V i t r o n  "E" of t h e  f o l l o w i n g  conpOc:i=i'::  
was a v e r y  e f f e c t i v e  s e p a r a t o r  material i n  t h i s  enrivonment.  
Johns-Manville Code 104E Glass 
Mic ro f ibe r s ,  0.20 t o  0.499 micron f i b e r  d iameter  
87% p o r o s i t y  
2 .  - S i 0  
B203. . . . . . . . . . . . . . . . . . . . . .  7 . 0 - t O . 4  
R203 . . . . . . . . . . . . . . . . . . . . .  1 4 . 8  + 0.4  
NagO + K 0 .  . . . . . . . . . . . . . . . . .  0 . 5  + 0.2 
. . . . . . . . .  .". . . . . . . . .  5 4 . 3 + 0 . 6 %  
- 
- 
2 - 
C a O .  . . . . . . . . . . . . . . . . . . . . .  17 .5  + 0 . 4  
MgO. . . . . . . . . . . . . . . . . . . . . . .  5 . 0 4 -  0.4 
- 
- 
A f t e r  t e s t i n g  t h r e e  ( 3 )  placements of t h e  s e p a r a t o r  i n  t h e  c e l l ,  
a . )  Enclos ing  t h e  ca thode  
b . )  S e p a r a t i n g  t h e  c e l l  by t h e  s e p a r a t o r  i n t o  a n  a n o l y t e  and a c a t h o l y t e  
c hambe r 
c . )  Enclos ing  t h e  anode 
r e s u l t s  s h a r p l y  i n d i c a t e d  t h e  use  of method G., as shown i n  t h e  des ign .  Documented 
c e l l  r e s u l t s  a r e  a v a i l a b l e  only  on V i t r o n  "E" having a n  i n i t i a l  d e n s i t y  of 0.01 
gms/cc. 
b e s t  c o n d i t i o n  f o r  e l i m i n a t i n g  d i f f u s i o n  of copper oxide p a r t i c l e s  t o  t h e  anode. 
Dimensionwise, it is  p r e f e r a b l e  t o  u se  t h e  t h i n e s t  s e p a r a t o r  p o s s i b l e  t h a t  c a n  
Without f u r t h e r  t e s t i n g  it i s  n o t  known whether t h i s  d e n s i t y  provides  t h e  
J f e c t i v e l y  reduce t h e  m i g r a t i o n  of copper  ions  o r  p a r t i c l e s  t o  t h e  anode. Prag- 
m a t i c a l l y ,  we know t h a t  t h i s  d e n s i t y  s e p a r a t o r  f u n c t i o n s  w e l l  and i s  t h e r e f o r e  
c a r r i e d  over  i n t o  t h i s  f i n a l  des ign .  
7 .  S e p a r a t o r  C o l l a r  
The s e p a r a t o r  was main ta ined  i n  a s t u r d y ,  s t a b l e  p o s i t i o n  e n c l o s i n g  tlie anode 
by t i g h t l y  wrapping a s m a l l  s t r i p  of n i c k e l  around t h e  t o p  of t h e  s e p a r a t o r .  A f t e r  
wrapping t h e  n i c k e l  c o l l a r  t i g h t l y ,  i t  was spot-welded t o  r e t a i n  i t s  dimensions.  
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T h i s  method performed s a t i s f a c t o r i l y  but  is d i f f i c u l t  i n  c o n s t r u c t i o n .  
a t o r  is  r a t h e r  bulky and must be uniformly d i s t r i b u t e d  under  t h e  n i c k e l  s t p i ; .  
'j')aL' ) , ) .  
Furthermore,  p r e s s u r e  must be main ta ined  on t h e  s t r i p  u n t i l  a f t e r  it i s  f ~ a ~ ~ ~ ~  
spot-welded': 
6 
A more convenient  approach  t o  t h i s  problem i s  t o  use  a c o i l  (1-1/6 t u 1 - R ~ )  
The c o i l  can  be opened w i t h  a t o o l ,  t h e  V i Z r o n  "E.:'' 1/16" d iameter  n i c k e l  rod .  
uniformly placed under  i t ,  and t h e  t o o l  c l o s e d .  F i n a l l y  t h e  1/8 t u r n  o v e r l e p  
would be spot-welded t o  a s s u r e  t h e  e f f e c t i v e n e s s  of t h e  c o i l  when t h e  c e l l  wa; 
brought t o  i t s  o p e r a t i n g  tempera ture  (427 C ) .  
0 
8. Cathode R e t a i n e r  Ring 
F i g u r e  1-a i n d i c a t e s  t h r e e  n i c k e l  f e e t  spot-welded t o  t h e  c a s e  f o r  -the pdr' 
of h o l d i n g  t h e  ca thode  s e c u r e l y  t o  t h e  c a s e  bottom. 
i n  the  e a r l y  p a r t  of a t e s t  s i n c e  t h e  ca thode  n a t u r a l l y  expands t i g h t l y  a g a i n s t  -1:~. 
vCu.JiJ U L  ""* - ' ' - &:--e . ---.-Y-- l n i a  H n w a v e r .  I 1 1  1 ~ 1 1 ~ 3  ~ 1 ~ ~ , , ~ ~ ~  YV. -hV  "__- _ _ _  
probably a re  n o t  s u f f i c i e n t  t o  m a i n t a i n  t h e  cathode i n  a s t a b l e  p o s i t i o n  u n d ~ r  
These f e e t  are only nocosst:-:e' 
$ 1  n -I ^ .  
v i b r a t i o n ,  shock and v a r i o u s  a c c e l e r a t i o n s .  
We propose t h e  use  o f  a n i c k e l  r i n g ,  3 mm. i n  d iameter ,  t o  completely circ>L3".- 
s c r i b e  the i n s i d e  of t h e  c e l l  c a s e  and be s e c u r e l y  wedged a g a i n s t  t h e  ca thods  t.3 
provide  a more uniform p r e s s u r e  a g a i n s t  t h e  ca thode .  A f t e r  t h e  r i n g  i s  s o t  i n  
p l a c e ,  it would be spot-welded t o  t h e  c a n  t o  prevent  any  s l a c k  developing  upGl2 
h e a t i n g  due t o  d i f f e r e n t  c o e f f i c i e n t s  of expansion of the can and n i c k e l  r i n g .  1: 
5 s  i m p o r t a n t  t o  have a r e l i a b l e  f i x  a t  t h i s  e l e c t r o d e  f o r  approximate ly  t h o  f i r z '  
10% of t h e  c e l l  l i f e .  I f  t h e  e l e c t r o d e  should  move away from i t s  intor_rled Z C n l - ' : '  ', 
and connec t ion  cannot  be i n i t i a l l y  maintained,  c u r r e n t  f l o w  would be erretic 'h i ' ! :  
consequent  e r r a t i c  p o t e n t i a l .  
9. E l e c t r o l y t e  
The e l e c t r o l y t e  used i n  a l l  t e s t i n g  w a s  ob ta ined  from Anderson Phys ic s  
Labora tory ,  Champaign, I l l i n o i s ,  and met t h e  fo l lowing  s p e c i f i c a t i o n s :  
59 Mole % i$Cl 
41 Mole % K C 1  
No polarographic  waves l e s s  t h a n  -2.6V vi. a 
0.1M P t  (11) /Pt  r e f e r e n c e  e l e c t r o d e .  
Res idua l  c u r r e n t  l e s s  t h a n  s i x  microamperes a t  
2 . 5 ~  v s .  t h e  same r e f e r e n c e  e l e c t r o d e .  
This  salt  has proven t o  be t r o u b l e - f r e e  du r ing  t h e  las t  y e a r ’ s  work and i t  i s  
recommended t h a t  cont inued  use  o f  t h e  salt  be made i n  any f u t u r e  work, r e s e a r c h  o r  
a p p l i c a t i o n .  
10.  No. U-26 Copper Base Braze 
It has  been found t h a t  N o .  U-26 Copper Base Braze,  Linde d e s i g n a t i o n ,  1 s  n o t  
0 
v i s i b l y  a t t a c k e d  (microscopic  examinat ion)  a t  427 C by t h e  e u t e c t i c  c h l o r i d e  
e l e c t r o l y t e .  This  braze  has  been used s u c c e s s f u l l y  t o  connec t  t h e  s e a l  t o  t h e  
header  and i s  recommended f o r  use  where b raz ing  i s  r e q u i r e d .  A t y p i c a l  a n a l y s i s  
f o l l o w s  : 
c u  95.71% 
Fe 0.17% 
S i  3.40% 
Mn 0.72% 
The f l u x  used wi th  t h e  braze  w8,s Brazo Flux ,  Union Carbide,  P a r t  No. 721F00. 
11. Cathode P r e p a r a t i o n  
A s  has  been shown i n  S e c t i o n  1 1 1 - C ,  t h e  composi t ion 100% CuO shows t h e  b e s t  
q u a l i f i c a t i o n s  as t h e  cathode f o r  t h i s  c e l l .  The procedure below i n d i c a t e s  t h e  
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s p e c i f i c  method and d e t a i l s  t o  be fol lowed i n  t h e  p r e p a r a t i o n  of a CuO ca thode  o f  
s p e c i f i c  d e n s i t y  and c o n f i g u r a t i o n .  
a.) Assuming t h a t  a CuO cathode can u t i l i z e  80% of  i t s  coulombic con ten t ,  
t h e n  t h e  CuO cathode must weigh 92.6 gms. This  r e q u i r e s  74.0 grams of i n i t i a l  
I 
copper .  The copper  need le s  used i n  t h e  f a ,b r i ca t ion  a r e  0.5 to 0.6 cm l o n g  and 
<an be made f r o m  copper  v?gre 3 t o  10 m i l s  i n  d iameter .  The needle  d i ame te r  i s  
uniform i n  any one e l e c t r o d e  prepara, t ion.  
b . )  Asbestos  molds a r e  prepazed by molding a sbes tos -wa te r  p a s t e  around a 
form and a l lowed t o  d r y  a t  room tempera ture  i n  a d r y  atmosphere ( < 3% r e l a t i v e  
humidi ty) .  
h e i g h t .  
The molds are removed from t h e  form and trimmed to t h e  a p p r o p r i a t e  
6 . )  The 74.0 grams o f  copper needles  a r e  placed i n  t h e  mold and tapped  on 
t h e  t a b l e  t o  i n i t i a l l y  compact t h e  m a s s .  The f i l l e d  mold i.s t h e n  p laced  on a l o w  
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L a s t l y ,  t h e  needles  a r e  pressed  a t  a low pres su re  (35 l b s / i n  , expe r imen ta l ly  de- 
te rmined)  s o  t h a t  t h e  r e s u l t a n t  CuO e l e c t r o d e  w i l l  have a d e n s i t y  between 4.0 - 4 .1  
grams /c c . 
d. )  The mold and i t s  c o n t e n t s  a r e  placed i n  a f u r n a c e  a t  900 - 1000°C f o r  one 
hour t o  s i n t e r  t h e  copper  needles  i n t o  a s t u r d y  i n t e g r a l  u n i t .  
e . )  The u n i t  i s  removed from t h e  f u r n a c e  and a l lowed to c o o l  to room temper- 
a t u r e  a f t e r  which t h e  mold i s  removed. 
f . )  The e l e c t r o d e  i s  t h e n  placed back i n t o  t h e  f u r n a c e  a t  900 - 1000°C i n  a' 
fo rced  air  s t r 6 ' a m  f o r  24 hours .  Oxygen gas  was a l s o  examined bu t  d i d  no t  i n c r e a s e  
t h e  r a t e  of o x i d a t i o n  of t h e  copper  i n  comparison to t h e  f o r c e d  air .  
g . )  A f t e r  24 hour s ,  t h e  e l e c t r o d e s  a r e  removed, cooled  and weighed. This  
weighing i n d i c a t e s  whether t h e  copper has been comple te ly  conver ted  t o  CuO, For 
oxample, a 62.5 ampere-hour c a p a c i t y  e l e c t r o d e  should  begin  w i t h  74.0 grams of 
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copper  and should  weigh 92.6 grams when comple te ly  oxid ized  t o  CuO. 
hour  h e a t  t r ea tmen t  t h e  copper  has  been comple te ly  conver ted  t o  e i t h e r  Cu 0 o r  CuO 
and no e l emen ta l  copper  remains.  A second twenty-four  hour h e a t  t r e a t m e n t  i s  u s u a l l y  
r e q u i r e d  t o  conve r t  t h e  Cu 0 t o  CuO s o  t h a t  t h e  e l e c t r o d e  c o n t a i n s  a t  l e a s t  98% CuO. 
A f t e r  t h e  24 
2 
2 ; r  
h . )  The e l e c t r o d e s  a r e  a g a i n  removed from t h e  f u r n a c e ,  cooled znd weighed. 
Most of t h e  e l e c t r o d e s  of a ba tch  w i l i  now be a t  l e a s t  98% CuO and a r e  cons idered  
- 
usab le .  If some o f  t h e  e l e c t r o d e s  a r e  no t  l o c a t e d  s u f f i c i e n t l y  i n  t h e  a i r  s t ream,  
t h e  CuO c o n t e n t  w i l l  s t i l l  be low i n  which case  t h e  h e a t  t r ea tmen t  is  r e p e a t e d .  
i . )  This  completes  t h e  p r e p a r a t i o n  of t h e  ca thode .  S to rage  of t h e  CuO 
ca thodes  i s  p r e f e r a b l y  done i n  a n  oxygen atmosphere.  
B. PROBLEMS AND SUGGESTED SOLUTIONS 
Two s p e c i f i c  problems a r e  involved  i n  t h e  c e l l  d e s i g n  and method of c o n s t r u c t i o n  
as p resen ted  i n  Task 111. The two p o i n t s  a r e :  
1. very . L ~ - G L , L ~  u r  no v o l a  space  must remain i n  t n e  o p e r a t i n g  c e l l  s o  tna t  omni- 
p o s i t i o n i n g  i s  p o s s i b l e  wi thout  a f f e c t i n g  t h e  c a l l  performance. 
2. Cathode s w e l l i n g  must be kep t  t o  a minimum t o  prevent  any p o s s i b l e  s h o r t i n g  
between t h e  two e l e c t r o d e s .  
Cons ider ing  t h e  second problem f i r s t ,  i t  i s  impor tan t  t o  d e s c r i b e  t h e  cathode 
p re t r ea tmen t  be fo re  it i s  placed i n  t h e  c e l l .  The cathode be ing  about  37% porous 
should  have t h e s e  pores  f i l l e d  wi th  e l e c t r o l y t e  t o  exclude any t r apped  sir wi th  a 
subsequent  l o s s  of u s e f u l  c a p a c i t y .  I n  l i n e  wi th  t h i s  t hough t ,  t h e  ca thode  i s  
p laced  i n  molten L i C 1 - K C 1  e u t e c t i c  a t  427'C and s u b j e c t e d  t o  a vacuum. 
accomplishes  a complete i rgpregnat ion of t h e  ca thode  pores  wi th  e l e c t r o l y t e .  
e l e c t r o d e  i s  t h e n  removed from t h e  molten e l e c t r o l y t e  and al lowed t o  c o o l .  On 
This  
The 
c o o l i n g ,  t h i s  e l e c t r o l y t e  has  about  a 20% c o n t r a c t i o n  which probably causes  a g r e a t  
bending f o r c e  on t h e  GuO n e e d l e s .  The CuO needles  be ing  r a t h e r  b r i t t l e  probably 
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expe r i ence  many f r a c t u r e s .  A cathode prepared i n  t h i s  manner shows as at: 
300 volume pe rcen t  expansion a t  80% d i s c h a r g e .  To de termine  whether t h i s  1a1-?- 
expansion might be due t o  t h e  vacuum impregnat ion of t h e  e l e c t r o l . y t e  i n t o  t,]19 
ca thode ,  t h r e e  c o n d i t i o n s  of t h e  cathode were examined. These c o n d i t i o n s  V:E~I-Y: 
Vacuum impregnat ion  of t h e  e l e c t r o l y t e  i n t o  t h e  ca thode  as descril-e-!  a,) 
above. 
b . )  Allowing t h e  cathode to s e t  i n  molten e l e c t r o l y t e  f o r  1 5  minutes v;ith 
subsequent  removal and c o o l i n g .  
e . )  No p re t r ea tmen t  w i th  t h e  e l e c t r o l y t e .  
These t h r e e  c o n d i t i o n s  were thought  t o  r e p r e s e n t  a range  of c o n d i t i o n s .  Metho? 
b )  w a s  f e l t  t o  be a r easonab le  i n t e r m e d i a t e  between t h e  t w o  extremes a )  and c )  
s i n c e  e l e c t r o l y t e  would n o t  p e n e t r a t e  t h e  f i n e r  pores  wi thou t  u s ing  a vacuum. 0r.r 
e l e c t r o d e  f r o m  each c a t a n o r v  w a s  d i scharned  i n  a comulete eel-1 u n t i l  t h e  c e l l  no- 
t e n t i a l  had decreased  t o  0 . 5  v o l t s .  A t  t h e  end of  t h e  t e s t  t h e  e l e c t r o l y t e  was 
al lowed t o  f r e e z e ,  t h e  c e l l  c u t  i n  h a l f  l eng thwise ,  and t h e  h e i g h t  of t h e  c a t h o d o  
measured. A l l  c e l l s  r a n  f o r  more t h a n  40 bu t  l e s s  t h a n  48 hour s .  The growth was 
d iv ided  by t h e  c e l l  l i f e  t o  g i v e  a n  average  growth r a t e .  The t a b l e  below shows t h o  
r e s u l t s  of' t h e  t e s t s .  
Table  r * .  Growth Rate o f  CuO Cathodes 
Cathode P re t r ea tmen t  
a --- vacuum impregnat ion  
b --- soalcing and f r e e z i n g  
c - -_  no p re t r ea tmen t  
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From this  d a t a  it i s  obvious t h a t  p re t r ea tmen t  of t h e  ca thode  encourages i t s  
growth and it would be p r e f e r a b l e  t o  e l i m i n a t e  any ca thode  p re t r ea tmen t .  
The method used i n  c o n s t r u c t i n g  t h e  c e l l  n e c e s s i t a t  
t h e  presence  of molten sa l t .  The cathode i s  placed i n  t h e  c a  
t h e n  l o c a t i n g  t h e  r e t a i n e r  r i n g .  
t i t y  has  been supp l i ed .  
Molten salt i s  t h e n  a d d e d ' u n t i l  t h e  proper  quan- 
. .  
This sa l t  i s  t h e n  k e p t  molten u n t i l  t h e  anode and header  
have been l o c a t e d  i n  p lace .  
t o  t h e  c a s e .  Even i f  t h e  cathode i s  n o t  vacuum impregnated wi th  sa l t ,  t h e  ca thode  
The salt  i s  f r o z e n  and t h e  header  e l e c t r o n  beam welded 
would be i n  a c o n d i t i o n  as desc r ibed  i n  b)  above. 
Another experiment w a s  conducted t o  suppor t  t h e  r e s u l t s  o f  t h e  prev ious  
t e s t i n g .  I f  t h e  f r e e z i n g  of t h e  sa l t  i n  t h e  pores  of t h e  cathode causes  t h e  CuO 
needles  t o  f r a c t u r e ,  t h e n  upon r e h e a t i n g  of t h e  e l e c t r o d e  i n  excess  e l e c t r o l y t e  
more ve rv  f i n e  D a r t i c l e s  of  CuO w i l l  be susnendsd i n  t h e  e l e c t r o l v t e  f o r  n r e t r e a t e d  
ca thodes  t h a n  f o r  one having no p re t r ea tmen t .  One of each  of  t h e  t h r e e  ca thodes  
w a s  p laced i n  s e p a r a t e  50-ml beakers  c o n t a i n i n g  a t o t a l  o f  44.7 grams o f  L i C 1 - K C 1  
e u t e c t i c  and l e t  s e t  f o r  1 6  hours  a t  427OC. 
and analyzed by e l e c t r o d e p o s i t i o n  onto a plat inum s c r e e n  (procedure  g iven  i n  d e t a i l  
Samples were t aken  f r o m  each beaker  
i n  Appendix 11). 
Table  9 .  Quan t i ty  of Gu i n  E l e c t r o l y t e  
The r e s u l t s  ob ta ined  a r e  g iven  i r l  t h e  t a b l e  below. 
It can  be s e e n  t h a t  t h e  q u a n t i t y  of Cu i n  s o l u t i o n  indeed  v a r i e s  i n  t h e  same manner 
as does t h e  growth r a t e  of  t h e  ca thode  under  c u r r e n t  d r a i n .  The s o l u t i o n  t o  th i s  
problem w i l l  b e s t  be desc r ibed  a f t e r  d i s c u s s i n g  t h e  excess  void  problem t o  q u a l i f y  
t h e  c e l l  as omnipos i t i ona l .  
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By u s i n g  t h e  method d e s c r i b e d  above t o  c o n s t r u c t  the c e l l ,  0 . 5  cm of  vo id  must 
be al lowed a t  t h e  t o p  of t h e  c e l l  s o  t h a t  sa l t  w i l l  n o t  be evaporated d u r i n g  t h e  
e l e c t r o n  beam welding of the header  t o  t h e  c a s e .  S i n c e  e l e c t r o n  beam welding must 
be performed i n  a h i g h  vacuum, any vapor  p r e s s u r e  due t o  t h e  sa l t  w i l l  p revent  a 
s e c u r e  hermet ic  weld. 
t h e  anode and ca thode  if t h e  c e l l  were t o  be o p e r a t e d  up-s ide  down. 
This yoid  would be  enough t o  i n s u l a t e  t h e  i o n i c  f low between 
._ 
Both problems can  r e a d i l y  be s o l v e d  by' changing t h e  c e l l ' s  c o n s t r u c t i o n  pro- 
c e d u r e .  P o s i t i o n i n g  t h e  c e l l  case with t h e  open end down, t h e  seal  i s  e l e c t r o n  
beam welded i n t o  t h e  c e n t e r  of t h e  c l o s e d  end. The anode i s  s e t  i n  p l a c e  by 
screwing i n t o  t h e  s e a l  and t h e  s ea l  h e r m e t i c a l l y  s e a l e d  by e l e c t r o n  beam welding. 
The c a n  i s  t h e n  i n v e r t e d  and a p r e c a l c u l a t e d  qu .an t i t y  of molten LiC1-KC1 e u t e c t i c  
s a , l t  is  poured i n t o  the c a s e .  The q u a n t i t y  of s a l t  added must be c a l c u l a t e d  t o  
account  f o r  i t s  degree  o f  expansion when mel ted  s o  t h a t  it w i l l  comple te ly  f i l l  a l l  
void  i n  t h e  c e l l  c a s e  when mel ted .  A complete c a l c u l a t i o n  i s  g i v e n  i n  Appendix 11. 
The salt l e v e l  i n  t h e  s o l i d  s t a t e  w i l l  n o t  r e a c h  t h e  l e v e l  o f  t n e  c a t n o a e  a t  tnis 
p o i n t .  Onto t h e  ca thode  r e t a i n e r  r i n g ,  p r e v i o u s l y  s p o t  welded t o  t h e  c a s e ,  i s  placed 
t h e  cathode.  T'ne bottom of  t h e  c e l l  c a s e  i s  s e t  i n t o  p l a c e  and e l e c t r o n  beam 
welded. Before welding,  t h e  chamber i n  which t h e  c e l l  i s  placed i s  evacuated t o  
t o r r  which a l s o  evacuates  t h e  cathode and i n t e r i o r  of t h e  c e l l  c a s e  n o t  f i l l e d  
w i t h  s o l i d  e l e c t r o l y t e .  When t h e  c e l l  i s  hea ted  to t empera ture  for o p e r a t i o n ,  t h e  
sa l t  w i l l  expand and t h e  expanded s a l t  w i l l  be drawn i n t o  t h e  ca thode  by t h e  vaeuum 
p r e s e n t  there .  T h i s  accomplishes  t h e  vacuum impregnat ion  of t h e  ca thode  with 
e l e c t r o l y t e  b u t , y e t  p r e v e n t s  t h e  f r a c t u r e  of the copper  oxide n e e d l e s  s i n c e  t h e  
sal-t must f r e e z e  i n  t h e  ca thode  pores  t o  cause  t h e  f r a c t u r e s .  A s  seen  i n  F i g u r e  
8-a i n  Appendix I, t h e  sa l t  l e v e l  i s  f u r t h e r  from t h e  j o i n t  t o  be welded i n  t h i s  
method of c o n s t r u c t i o n  t h a n  shown i n  F i g u r e  1-a. 
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TASK I - CATHODE EVALUATION 
A .  CATHODE CONFIGURATION 
F i v e  d i f f e r e n t  ca thode  c o n f i g u r a t i o n s  were proposed f o r  s t u d y .  The con- 
f i g u r a t i o n s  r e p r e s e n t e d  a wide range of c o n t r o l l e d  surface- to-volume r a t i o s .  The 
f i v e  t y p e s  o f  s t r u c t u r e s  expmined were: (1) c u p r i c  oxide  and/or  cuprous oxide  
powder of t he  d e s i r e d  composi t ion pressed  a t  50 t o n s  per  s q u a r e  i n c h  t o  form a 
p e l l e t  35 m i l l i m e t e r s  i n  d iameter ,  ( 2 )  c u p r i c  oxide and/or  cuprous oxide  powder 
of t h e  d e s i r e d  composi t ion pressed  a t  50 t o n s  per  s q u a r e  i n c h  t o  form a p e l l e t  35 
m i l l i m e t e r s  i n  d i a m e t e r  w i t h  subsequent  s i n t e r i n g  a t  1,000 C f o r  one-half  hour  i n  
a n i t r o g e n  atmosphere,  (3 )  - o x i d i z e d  g r i d  p l a t e  s t r u c t u r e  of -the dimensions and 
p h y s i c a l  appearance  shown i n  F igure  9 i n  Appendix I, ( 4 )  oxid ized  copper  n e e d l e s  
0.15 m i l l i m e t e r s  i n  d iameter  by 5 m i l l i m e t e r s  long .  The r e q u i r e d  q u a n t i t y  of copper  
0 
needles  are p laced  i n  a n  a s b e s t o s  mold 35  mi l l ime te r s  i n  d ismerer  and s i n t e r e d  t o -  
g e t h e r  a t  1,000 C whi le  a t  t h e  same t ime b e i n g  o x i d i z e d ,  ( 5 )  spongy copper  e l e c t r o -  0 
p l a t e d  on-Lo a, copper  s c r e e n  -from a six normal KUH solu-cion. apu~11;y ~ u p p ~ ~  w a a  
t h e r m a l l y  o x i d i z e d  under p r e s c r i b e d  c o n d i t i o n s  o f  atmosphere and tempera ture  t o  
g i v e  t h e  d e s i r e d  oxide  composi t ion.  F u r t h e r  d e t a i l s  and d i s c u s s i o n s  a r e  g i v e n  i n  
S e c t i o n  C of Task I. 
B . COPPER OXIDE COMPOSITION 
F i v e  d i f f e r e n t  copper  oxide composi t ions were examined. It w a s  f e l t  t h a t  t h i s  
was n e c e s s a r y  i n  o r d e r  t o  a s c e r t a i n  t h e  t r e n d  i n  performance c h a r a c t e r i s t i c s  of t h e  
d i f f e r e n t  o x i d e s .  These oxide composi t ions a r e  (1) 100% c u p r i c  oxide ,  (2 )  75% 
c u p r i c  o x i d s  p l u s  25% cuprous oxide,  (3 )  50% c u p r i c  oxide  p lus  50% cuprous oxide ,  
(4 )  25% c u p r i c  oxide  p lus  75% cuprous oxide ,  ( 5 )  100% cuprous oxide .  
C . CATHODE PREPARATION PROCEDURE 
1. P r e s s e d  Powder Cathodes 
The r e q u i r e d  q u a n t i t y  of F i s h e r  r e a g e n t  grade  c u p r i c  oxide a n d / o r  cuprous 
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oxide  w a s  weighed o u t  and placed i n  a d i e  35 m i l l i m e t e r s  i n  d iameter  and p r e s s e d  
a t  50 t o n s  p e r  s q u a r e  inch .  The t o t a l  q u a n t i t y  of copper  oxide  used w a s  s u f f i c i e n t  
t o  produce a ca thode  having  a n  energy c o n t e n t  of 1 4  ampere hours. 
i n d i c a t e s  t h e  amount of each oxide needed t o  g i v e  a ca thode  of t h e  proper  compo- 
The t a b l e  below 
. .  
? 
s i t i o n  and energy c o n t e n t .  * 
Table  10. 
the e l e c t r o d e  t o  i n c r e a s e  i t s  e l e c t r i c a l  c o n d u c t i v i t y .  A t y p i c a l  val.us o f  t h e  
r e s i s t a n c e  through a 100% c u p r i c  oxid6 pressed  powder e l e c t r o d e  was 12,000 ohms. 
Addi t ion  of 5,  2 and 1 volume p e r c e n t  of carbon b l a c k  i n d i c a t e d - t h a t  any  a d d i t i o n  
f 
l e s s  t h a n  5% had no e € f e c t  i n  d e c r e a s i n g  t h e  e l e c t r o d e  r e s i s t a n c e .  Addi t ion  of 5% 
carbon b l a c k  produced a n  e l e c t r o d e  having  a r e s i s t a n c e  of 128 ohms. Even though it 
w a s  p o s s i b l e  t o  d e c r e a s e  t h e - r e s i s t a n c e  of t h e  e l e c t r o d e ,  it must a l s o  remain 
mechanica l ly  s t a b l e  while i n  t h e  e u t e c t i c  c h l o r i d e  e l e c t r 6 l y t e .  The e l e c t r o d e  w a s  
s e t  i n t o  59 mole p e r c e n t  l i t h i u m  c h l o r i d e  p l u s  41 mole p e r c e n t  potassium c h l o r i d e  
a t  4 2 7 O C  f o r  24 hodrs .  A t  the  end of t h i s  t ime t h e  e l e c t r o d e  had comple te ly  d i s -  
i n t e g r a t e d  and upon c o o l i n g  appeared as a b l a c k  sponge. Due t o  t h e  r e s u l t s  of 
t h i s  t e s t ,  a t t e m p t s  t o  d e c r e a s e  t h e  e l e c t r o d e  r e s i s t a n c e  were abandoned. It was 
found i n  l a t e r  t e s t s  t h a t  a f t e r  a s h o r t  t i m e  (approximats ly  1 hour)  under  c u r r e n t  
< 
d r a i n ,  enough copper  oxide i s  reduced t o  e lementa l  copper  t o  c o n s i d e r a b l y  reduce t h e  
t h e  I R  l o s s e s  i n  t h e  e l e c t r o d e . .  
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Pressed  powder e l e c t r o d e s  prepared from 100% c u p r i c  oxide ,  75% c u p r i c  oxide 
p l u s  25% cuprous oxide and 50% c u p r i c  oxide p lus  50% cuprous oxide could  be pressed  
as d e s c r i b e d  above t o  form mechanica l ly  s t a b l e  ca thodes .  Attempts t o  prepare  
ca thodes  of t h e  composi t ion 100% cuprous oxide and 25% c u p r i c  oxide p l u s  75% 
cuprous oxide however, f a i l e d .  It a p p e a r s  t h a t  t h e  p a r t i c l e  s i z e - o f  t h e  cuprous 
I 
- 
oxide  powder was t o o  f i n e  ( 1 ~  o r  l e s s )  t o  be c o h e r e n t  a t  50 t o n s  per  s q u a r e  i n c h .  
Consequently,  one h a l f  pound o €  cuprous oxide was s l u g g e d .  The. s l u g g i n g  o p e r a t i o n  
c o n s i s t s  o f  p r e s s i n g  t h e  powder a t  150  tons / in .2 ,  g r a n u l a t i n g  t h e  p a r t i c l e s  and 
s e p a r a t i n g  t h e  l a r g e r  p a r t i c l e s .  The p a r t i c l e s  s e p a r a t e d  were 3Oy. Using t h e  
larger  p a r t i c l e s ,  50 t o n s  per  square  i n c h  w a s  a g a i n  used i n  a n  a t t e m p t  t o  produce 
mechanica l ly  s t a b l e  ca thodes  of h i g h  cuprous oxide c o n t e n t .  These ca thodes  were 
n o t i c e a b l y . s t r o n g e r  t h a n  t h e  i n i t i a l  a t t e m p t s ,  bu t  s t i l l  were r a t h e r  f r ag i l e .  
. o f  t h e  e l e c t r o d e  p e l l e t .  
I n  o r d e r  t o  a r r i v e  a t  some s t r u c t u r e  i n  which t h e s e  two composi t ions coyld  be 
e l e c t r o c h e m i c a l l y  t e s t e d ,  t h e  powders were packed i n  a s m a l l  copper  bucket .  The 
mouth of the  bucket  w a s  t h e n  covered w i t h  a p iece  of s e p a r a t o r . m a t e r i a 1  normally 
used i n  t h e  c e l l  d u r i n g  e l e c t r o c h e m i c a l  t e s t i n g .  To a s s u r e  t h a t  a uniform com- 
p o s i t i o n  e x i s t e d  throughout  t h e s e  pressed  e l e c t r o d e s ,  t h e  a p p r o p r i a t e  amount of ' 
each oxide was weighed and manually mixe8 togeither.  The b a t c h  w a s  t h e n  placed i n  
a one l i t e r  screw capped jar  a l o n g  w i t h  enough p o r c e l a i n  s p h e r e s  t o  n e a r l y  f i l l  
t h e  J a r  and placed on a r o l l e r  m i l l  f o r  24 hours .  The p r e s s e d , p o a d e r  ca thodes  
were produced from t h i s  powder. 
2. S i n t e r e d  Pressed  Powder Cathodes 
The i n i t i a l  s t e p  used i n  t h e  p r e p a r a t i o n  of t h e  s i n t e r e d  p r e s s e d  powder 
ca thodes  i s  e x a c t l y  t h e  same as t h e  p r e p a r a t i o n  of t h e  pressed  powder c a t h o d e s .  
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Cathodes prepared t o  t h i s  p o i n t  a r e  placed i n  a n i t r o g e n  atmosphere and s i n t e r e d  a t  
1,000 C f o r  one-half  a n  hour .  
e x c e p t i o n ,  are t r e a t e d  s i m i l a r l y  b u t  i n  a n  a i r  atmosphere.  Pure  c u p r i c  oxide 
ca thodes  do n o t  change composi t ion from t h e i r  i n i t i a l  composi t ion  d u r i n g  s i n t e r i n g ;  
0 
Cathodes prepared from 100% c u p r i c  oxide ,  b e i n g  t h e  
m i g h t  a n a l y s i s ,  however, shows t h a t  ca thodes  i n i t i a l l y  c o n t a i n i n g  cuprous oxi-cfe 
and c u p r i c  oxide  change composi t ions s l i g h t l y  d u r i n g  t h e  s i n t e r i n g  process .  By 
e i g h t  a n a l y s i s ,  i t  i s  observed t h a t  from 2 t o  3 p e r c e n t  of t h e  c u p r i c  oxide con- 
v e r t s  t o  cuprous oxide d u r i n g  t h e  s i n t e r i n g  process .  
The s i n t e r i n g  proLess produces ca tnodes  t h a t  are c o n s i d e r a b l y  s t r o n g e r  t h a n  
t h e  e l e c t r o d e s  prepared by p r e s s i n g  a l o n e .  
B 3 .  Thermal Oxida t ion  of Copper 
The remaining t h r e e  cathode c o n f i g u r a t i o n s  r e l y  upon t h e  thermal  o x i d a t i o n  of 
t.hp c n n n p r  t n  f n r m  s n p c i f i r  nmni in fc .  n f  r i inr ir  and r i inrn i iv  nuidec: R a m n l  R C  ~ i s a r l  +n 
a s t u d y  t h e  thermal  o x i d a t i o n  o f  copper  a r e  made from t h e  above mentioned copper  
n e e d l e s .  An a s b e s t o s  mold was used to g i v e  a c i r c u l a r  c o n f i g u r a t i o n  a,nd the ,  i n i t i a l  
specimen weight was 5 grams. The copper needles  were s i n t e r e d  t o g e t h e r  by p l a c i n g  
t h e  needles  i n  the mold i n t o  a t u b e  f u r n a c e  a t  1,0009C f o r  one;half hour  i n  a i r .  
The n e e d l e s  and mold were removed from t h e  f u r n a c e ,  cooled  and t h e  mold removed. 
The e l e c t r o d e s  were t h e n  r e p l a c e d  i n  t h e  t u b e  f u r n a c e  t o  c o n t i n u e  t h e  o x i d a t i o n  
Y t u d y .  The a i m  of the method was t o  comple te ly  o x i d i z e  the copper  n e e d l e s  t o  
c u p r i c  ox ide  i n  a i r  and i a t e r  t o  reduce a p o r t i o n  of t h e  c u p r i c  oxide t o  cuprous 
oxide .  The i n i t i a 1 " ' o x i d a t i o n  o f  t h e  copper  completely t o  cupr5.c oxide  w a s  neces- 
s a r y  t o  a s s u r e '  t h a t  no e lementa l  copper  remained..  The p r o p o r t i o n  of c u p r i c  t o  
cuprous oxide formed vas determined by weight  a n a l y s i s  as g i v e n  i n  S e c t i o n  E.  
I n i t i a J  i n v e s t i g a t i o n  was c a r r i e d  o u t  i n  t h e  f o l l o w i n g  manner. Three samples 
0 
were prepared as mentioned above and placed i n s i d e  a combustion t u b e  a t  1,000 C .  
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Both ends of t h e  t u b e  were k e p t  open t o  a l l o w  f r e e  c o n v e c t i o n  of t h e  air .  The 
f i rs t  sample w a s  removed a f t e r  1 7  hours ,  t h e  second a f t e r  24 hours  and t h e  t h i r d  
a f t e r  41 h o u r s .  Each sample was ana lyzed  g i v i n g  t h e  f o l l o w i n g  r e s u l t s .  
Table  11.. 
1 
._ 
A s  shown by weight and chemical  a n a l y s i s ,  t h e  above samples have been comple te ly  
conver ted  t o  one of t h e  o x i d e s .  It i s  s e e n  t h a t  a d i r e c t  h e a t i n g  o f  t h e  sample a t  
1,000 G w i l l  produce a n  oxide  composi t ion of 75 weight p e r c e n t  c u p r i c  oxide - 2 5  
weight p e r c e n t  cuprods oxide .  It w a s  hypothesized t h a t  t h e  s lowness  of t h e  form- 
0 
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b u s t i o n  t u b e .  I n  o r d e r  t o  a s c e r t a i n  whether i n s u f f i c i e n t  oxygen w a s  p r e s e n t ,  
a n o t h e r  s e t  of two copper  needle  e l e c t r o d e s  w a s  prepared as b e f o r e  and b o t h  placed 
i n  the combustion t u b e  a t  1,000 C .  
a s l o w  r a t e  (approximate ly  200 cubic  c e n t i m e t e r s  p e r  minute)  f o r  24 hours .  
0 
A i r  w a s  f o r c e d  through t h e  t u b e  c o n t i n u o u s l ~ y  a t  
Upon 
a n a l y s i s ,  b o t h  samples gave e x a c t l y  the same r e s u l t s  of  4 .6  weight p e r c e n t  cuprous 
oxide - 9 5 . 4  p e r c e n t  c u p r i c  ox ide .  Af t e r  48 hours  h e a t i n g  t h e  q u a n t i t y  of CuO i s  
i n  e x c e s s  of 99%. Apparent ly  t h e  s u p p l y  of oxygen w a s  n o t  s u f f i c i e n t  i n  t h e . f o r m e r  
c a s e  t o  a l l o w  t h e  c u p r i c  oxide t o  form wikh any r a p i d i t y .  The remainder  of t h e s e  
samples were  laced back i n t o  t h e  f u r n a c e  a t  1,000 C f o r  8 and 1 6  hours  i n  a 
n i t r o g e n  atmosphere.  
0 
Analys is  i n d i c a t e d  t h a t  t h e  8 hour  h e a t i n g  Converted t o  1 7 . 8  
weight p e r c e n t  cuprous oxide  - 82.2 weight  p e r c e n t  c u p r i c  ox ide  and t h e  1 6  hour 
h e a t i n g  gave 35.1 weight p e r c e n t  cuprous oxide - 64.9 weight p e r c e n t  c u p r i c  ox ide .  
These r e s u l t s  i n d i c a t e  t h a t  copper  can  indeed be t h e r m a l l y  oxid ized  t o  g i v e  t h e  
r 
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d e s i r e d  r a t i o  o f  c u p r i c  t o  cuprous c o n t e n t .  D e f i n i t e  t imes  a r e  n o t  g iven  t o  con- 
v e r t  a c e r t a i n  e l e c t r o d e  t o  c u p r i c  o r  cuprous oxide s i n c e  it w i l l  depend on t h e  
p h y s i c a l  c o n s t r u c t i o n  of t h e  e l e c t r o d e .  That  i s  t o  s a y  t h a t  an  e l e c t r o d e  wi th  low 
p o r o s i t y  w i l l  r e q u i r e  a longe r , t ime  t o  form t h e  oxide t h a n  w i l l  a n  e l e c t r o d e  hav ing  
a r e l a t i v e l y  open s t r u c t u r e .  The procedure t h e n ,  t h a t  i s  bking used,  is  t o  s u b j e c t  
s e v e r a l  e l e c t r o d e s  of t h e  same-design t o  t h e  h e a t i n g  procedure.  The e l e c t r o d e s  a r e  
removed p e r i o d i c a l l y  and weighed. If a d d i t i o n a l  h e a t i n g  i s  r e q u i r e d  as i n d i c a t e d  
' b y  t h e  weight change, t h e  h e a t i n g  i s  cont inued  s o  t h a t  t h e  d e s i r e d  composi t ion  i s  
t 
' p roduced .  S ince  t h e  coMtract  does n o t  i n c l u d e  a t ime a l l o t m e n t  t o  f u l l y  i n v e s t i -  
g a t e  methods t o  t h e r m a l l y  o x i d i z e  e l e c t r o d e s  and s i n c e  it i s  a ve ry  t ime  consuming 
task, only  enough d a t a  have been c o l l e c t e d  t o  a c t  as a gu ide  i n  producing t h e  r e -  
q u i r e d  e l e c t r o d e s .  * 
0 The r a t e  of o x i d a t i o n  of copper  needles  a t  1,000 C i n  f o r c e d  a i r  and i n  oxygen 
i s  shown i n  F igu re  10, Appendix I. This  graph i s  t o  be t a k e n  as q u a l i t a t i v e  s i n c e  
it w i l l  app ly  on ly  t o  e l e c t r o d e s  of t h e  same c o n f i g u r a t i o n ,  d e n s i t y ,  p o r o s i t y ,  e t c .  
as used i n  th i s  t e s t .  From t h e  shape of t h e  cu rve  i t  i s  s e e n  t h a t  i n i t i a l l y  a fast  
o x i d a t i o n  of t h e  copper  occur s .  This cor responds  t o  a bui ld-up  of ox ide  on t h e  
s u r f a c e  of t h e  copper t o  a p o i n t  where f u r t h e r  d i f f u s i o n  of t h e  oxygen t o  t h e  copper  
i s  impeded. Another e x p l a n a t i o n  g iven  by Gulbransen, e t .  a l .  (1, 2) i s  t h a t  t h e  
copper  must d i f f u s e  through t h e  oxide f i l m  be fo re  it is ox id ized .  E i t h e r  c a s e  
could  e x p l a i n  t h e  shape of t h e  cu rves .  No d i f f e r e n c e  i n  t h e  r a t e  of o x i d a t i o n  
w a s  observed u s i n g - f o r c e d  a i r  o r  pure oxygen. 
4. Oxidized Gr id  P l a t e  S t r u c t u r e  , 
S t r i p s  of copper  were c u t  from a 0.01 i n c h , t h i c k  s h e e t  t o  t h e  dimensions of 
30 x 1 8  m i l l i m e t e r s .  100 of t h e s e  were placed t o g e t h e r  i n  a j i g  and s l o t s  were 
m i l l e d  i n t o  t h e  l o n g  dimension s i d e .  7 s l o t s  0 .5  m i l l i m e t e r s  x 10 m i l l i m e t e r s  
42 
d e e p  were evenly  spaced on t h i s  s i d e .  1 4  of t h e  prepared s t r i p s  were f i t t e d  
t o g e t h e r  forming a g r i d  s t r u c t u r e  having  36 s q u a r e  h o l e s  and having  o v e r a l l  
dimensiofis of 2 . 5  x 2 . 5  x 1.8 c e n t i m e t e r s .  The pure copper  g r i d  having  a nominal 
weight  of 1 2 . 6  grams cor responds  t o  a n  energy d o n t e n t  of 1 0 . 7  ampere hours  if t h e  
complete e l e c t r o d e  is  conver ted  t o  c u p r i c  oxide .  These s t r u c t u r e s  are o x i d i z e d  
a c c o r d i n g  t o  the thermal  o x i d a t i o n  procedure g i v e n  i n  S e c t i o n  C - 3 .  Before t h e  
g r i d s  are o x i d i z e d  t h e y  a r e  immersed i n  1 2  normal h y d r o c h l o r i c  a c i d  t o  c l e a n  t h e  
s u r f a c e  of t h e  copper ,  r i n s e d  i n  d i s t i l l e d  water  and d r i e d  a t  room tempera ture .  
I 
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5. Oxidized Copper Needles 
Copper n e e d l e s  forming t h i s  e l e c t r o d e  c o n f i g u r a t i o n  are  0.15 m i l l i m e t e r s  i n  
d i a m e t e r  and 5 m i l l i m e t e r s  l o n g .  A mold 35 m i l l i m e t e r s  i n  d i a m e t e r  w a s  formed 
from damp a s b e s t o s  by forming  it around a rubber  c y l i n d e r  35 m i l l i m e t e r s  i n  d i -  
a m o t o r  '1.n7c. m n i n  1 -  i . r i e r i  i , i i o r . o t i e I i L v  I I L L G U  a b  ~ v u   CULL I ~ L I I V V U U  L A W ~ ~ ,  vIiV 
c y l i n d e r .  I n t o  t h i s  mold i s  placed a weight  of copper  needles,  un i formly  d i s -  
t r i 'buted,  s u f P i c i e n t  t o  g i v e  a 1 4  ampere hour  c a p a c i t y  ca thode  af ter  o x i d a t i o n .  
No fur th ,er  p r e t r e a t m e n t  w a s  used. The q u a n t i t y  o f  copper  used of c o u r s e  depends 
upon the  r e l a t i v e  amount of c u p r i c  and cuprous oxides  d e s i r e d  i n  t h e  f i n a l  e l e c t r o d e .  
The q u a n t i t y  of copper  used t o  produce ca thodes  of  a 1 4  anipere hour  c a p a c i t y  pos- 
, -  0 . _  
s e s s i n g  v a r i o u s  amounts o f  copper  oxides  i s  g i v e n  i n  t h e  t a b l e  below. 
Table  12. 
w/o CUO 
16 .60  
19.18 
22.58 
27.02 
33.30 
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0 The n e e d l e s  i n  t h e  mold a r e  placed i n  a f u r n a c e  a t  1,000 C i n  air  f o r  one-half  a n  
hour  i n  o r d e r  t o  s i n t e r  a l l  t h e  p a r t i c l e s  t o g e t h e r .  The e l e c t r o d e  i s  removed from 
t h e  f u r n a c e ,  cooled  and t h e  a s b e s t o s  i s  removed s o  t h e  oxygen d i f f u s i o n  t o  t h e  
copper i s  n o t  unduly impeded d u r i n g  t h e  subsequent  o x i d a t i o n .  The e l e c t r o d e  i s  
o x i d i z e d  a c c o r d i n g  ' t o  t h e  thermal  o x i d a t i o n  procedure g iven  p r e v i o u s l y .  
;I 
6 -  Oxidized Spongy E l e c t r o d e  Deposi ted Copper Cathodes 
To prepare  a spongy copper  d e p o s i t  a n  e l e c t r o - d e p o s i t i o n  c e l l  was c o n s t r u c t e d  
l c c o r d i n g  t o  t h e  f o l l o w i n g  i n s t r u c t i o n s  : 
10 c e n t i m e t e r s  wide x 8 c e n t i m e t e r s  deep was used as t h e  main body of t h e  e l e c t r o -  
d e p o s i t i o n  c e l l .  The ca thodes  of t h i s  c e l l  were made from 40 mesh copper  s c r e e n .  
8 x 10 c e n t i m e t e r s  i n  dimension and connected i n  p a r a l l e l .  The anodes were con- 
s t r u c t e d  of 0.6 m i l l i m e t e r  t h i c k  copper  s h e e t ;  t h e s e  a l s o  be ing  8 x 10 c e n t i m e t e r s  
i n  p a r a l l e l .  The c e l l  conta ined  a t o t a l  o r  8 ca.thodes and 9 anodes.  The c u r r e n t  
a p l a s t i c  c o n t a i n e r  30 c e n t i m e t e r s  l o n g  x 
. .  -. . 
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corresponds t o  a t o t a l  c u r r e n t  of approximate ly  7 amperes. The e l e c t r o l y t e  used 
f o r  th is  system w a s  6 normal potassium hydroxide c o n t a i n i n g  approximate ly  5 grams 
of c u p r i c  hydroxide i n  each  l i t e r  of s o l u t i o n .  C u r r e n t  w a s  a l lowed t o  flow f o r  
approximate ly  50 hours  g i v i n g  a t o t a l  of about  25 grams of f l u f f y  copper  d e p o s i t .  
This  corresponds t o  roughly  a f i v e  p e r c e n t  c u r r e n t  e f f i c i e n c y .  One r u n  as 
e s c r i b e d ,  produces a b o u t  enough copper  t o  produce o n l y  one e l e c t r o d e .  Two s u c h  
i 
u n i t s  a r e  s e t  up and r u n  c o n s t a n t l y .  
the  prime e l e c t r o - r e a c t i o n ,  b u t  t h i s  e v o l u t i o n  i s  the main r e a s o n  t h a t  spongy 
copper  i s  obta ined .  
a l a r g e  s u r f a c e  e x i s t s  per  gram of copper  d e p o s i t e d .  A f t e r  the d e p o s i t i o n  i s  com- 
p l e t e ,  t h e  spongy copper  i s  brushed from t h e  ca thodes  t o  t h e  bottom of  the e l e c l r o -  
d e p o s i t i o n  c e l l .  The copper  i s  t h e n  washed w i t h  a t  l e a s t  f i v e  Changes of d i s t i l l a d  
water through a n  8 h o u r  per iod  s o  t h a t  any remaining potassium hydroxide may be 
The e v o l u t i o n  of  hydrogen a t  t h e  ca thode  i s  
A large volume of spongy copper  i s  produced i n d i c a t i n g  t h a t  
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removed from the copper .  
decanted from the c o n t a i n e r  and t h e  copper  i s  al lowed t o  d r y  a t  room tempera ture .  
F igure  11 i n  Appendix I shows t h e  p h y s i c a l  and e l e c t r i c a l  s e t  u p  f o r  t h i s  e l e c t r o -  
A t  t h e  end of t h e  c l e a n i n g  procedure t h e  last  washing is 
d e p o s i t i o n  c e l l .  t 
This  spongy copper  powder is  formed i n t o  a n  e l e c t r o d e  s t r u c t u r e  i n  much t h e  
same way as d e s c r i b e d  f o r  t h e  copper  needle  e l e c t r o d e s .  An a s b e s t o s  mold i s  formed 
35 m i l l i m e t e r s  i n  d i a m e t e r  i n t o  which t h e  copper  powder i s  p laced .  The copper  
powder and mold are placed i n  a f u r n a c e  i n  a i r  a t  900 t o  1,000 C f o r  one-half  hour 
0 
t o  s i n t e r  t h e  p a r t i c l e s  t o g e t h e r .  A f t e r  ' t h i s  -Lime t h e  composite i s  removed from t h e  
f u r n a c e  and the a s b e s t o s  mold i s  removed from t h e  e l e c t r o d e .  The copper  e l e c t r o d e  
i s  placed back i n t o  t h e  f u r n a c e  and f u r t h e r  ox id ized  t o  g i v e  t h e  a p p r o p r i a t e  r a t i o  
of c u p r i c  oxide to cuprous oxide a c c o r d i n g  t o  t h e  procedure o u t l i n e d  i n  S e c t i o n  c - 3 .  
D .  PHYSICAL PROPERTIES OF CATHODES 
Four b a s i c  p h y s i c a l  t e s t s  were scheduled  t o  be per€ormed on r e p r e s e n l a t i v . e  
samples o f  each  s t r u c t u r e - b o m p o s i t i o n  combinat ion.  The a c t u a l  s u r f a c e  area t h a t  
can p a r t i c i p a t e  i n  e l e c t r o c h e m i c a l  r e a c t i o n  i s  of g r e a t e r  i n t e r e s t  t h a n  the obvious 
p r o j e c t e d  area of a n  e l e c t r o d e .  The g r e a t e r  t h e  a c t i v e  s u r f a c e  a r e a  exposed, t h e  
b e t t e r  t h e  v o l t a g e  one might e x p e c t  t o  s e e  a t  any p a r t i c u l a r  c u r r e n t  d e n s i t y .  I n  
t h e  h i g h  s u r f a c e  t o  volume t y p e  system c o n c e n t r a t i o n  p o l a r i z a t i o n  would be reduced 
by a l a r g e  f a c t o r  whi le  a c t i v a t i o n  p o l a r i z a t i o n  and ohmic drop  would be l i t t l e  
a f f e c t e d  u n l e s s  o n l y  s m a l l  c u r r e n t  d . ens i t i e s  were draVJn from t h e  c e l l .  Ohmic d r o p  
through small pores  i n  a n  e l e c t r o d e  w i l l  p lay  a v e r y  small p a r t  i n  t h e  i n i t i a l  
P o l a r i z a t i o n  s i n c e  a c t i v e  copper  oxide n e a r  t h e  s u r f a c e  would c a r r y  t h e  main burden 
O f  t h e  r e a c t i o n .  
h i g h  ohmic p o l a r i z a t i o n  occurs  due t o  t h e  copper  b u i l d  up on t h e  o u t s i d e  s u r f a c e  of 
i,hb e l e c t r o d e .  I n  t h i s  c a s e ,  t h e  r e a c t i o n  w i l l  n e c e s s a r i l y  proceed d e e p e r  i n t o  t h e  
Only i n  t h e  ca.se where al l ,  the pores  are r e l a t i v e l y  s m a l l ,  t h e  
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pore t o  s u s t a i n  t h e  r e a c t i o n .  S ince  t h e  r e s i s t a n c e  i n  t h e  pores  i s  d i r e c t l y  pro- 
p o r t i o n a l  t o  t h e  dep th  i n  t h e  pore of t h e  a c t u a l  r e a c t i o n  s i t e  and i n v e r s e l y  pro- 
p o r t i o n a l  t o  a t  l e a s t  a squa re  of t h e  s m a l l e s t  r a d i u s  i n  t h e  pore,  i t  is  appa ren t  
t h a t  a n  a p p r e c i a b l e  r e s i s t a n c e d n c r e a s e  can  occur  if copper  b u i l d  up occur s  on t h e  
a 
s u r f a c e  of t h e  e l e c t r o d e .  
It i s  impor t an t  a l s o  t o  de te rmine  t h e  s o l u b i l i t y  of c u p r i c  oxide and cuprous 
oxide i n  t h e  e u t e c t i c  me l t .  Any copper  oxide e i t h e r  be ing  suspended i n  t h e  mel t  o r  
p o s s i b l y  d i s s o l v e d  i n  t h e  me l t ,  can  migra te  through t h e  s e p a r a t o r  m a t e r i a l  t o  t h e  
1 
anode, i n  which case  t h e  o v e r a l l  e f f i c i e n c y  of t h e  c e l l  would be ve ry  much 
d iminished .  Due t o  t h e s e  c o n s i d e r a t i o n s ,  f o u r  phys i ca l  p r o p e r t i e s  appeared e v i d e n t  
t o  measure. These a r e :  
B 1. B.E.T. s u r f a c e  a r e a  by n i t r o g e n  a d s o r p t i o n  
2 .  T o t a l  p o r o s i t y  
3 .  Bulk d e n s i t y  
4. 
0 
S o l u b i l i t y  and rat; of s o l u t i o n  of t h e  oxides  i n  t h e  e l e c t r o l y t e  a t  800 F 
(427'C) 
Arrangements were made w i t h  Mellon I n s t i t u t e  i n  P i t t s b u r g h ,  Pennsylvania  t o  
perform t h e  B.E.T. s u r f a c e  a r e a  and t o t a l  pore volume measurements. S ince  r a t h e r  
s p e c i a l i z e d  equipment i s  necessa ry  f o r  t h e s e  de t e rmina t ions ,  a l o n g  w i t h  p rope r ly  
Q u a l i f i e d  pe r sonne l ,  it w a s  agreed  t o  s u b c o n t r a c t  t h i s  p o r t i o n  o f  t h e  work. 1 
Bulk d e n s i t y  measurements have been made by CRC workers on t h e  v a r i o u s  e l e c t r o d e  
conf igu ra t ion -compos i t ion  combinat ions and a r e  r e p o r t e d  i n  t h e  f o l l o w i n g  t a b l e s .  
Bulk d e n s i t y  i s  d e f i n e d  by t h e  weight d iv ided  by t h e  volume o f  t h e  ca thode  i n  i t s  
f i n a l  prepared  c o n d i t i o n .  This  va lue  i s  g iven  as grams p e r  cub ic  c e n t i m e t e r .  
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The method for measuring t h e  s o l u b i l i t y  and t h e  r a t e  of s o l u t i o n  of t h e  
d i f f e r e n t  copper  oxides  i s  g iven  below. The r a t e  o f  s o l u t i o n  of t h e  v a r i o u s  oxides  
i s  determlned by t a k i n g  samples a t  increments  o f  t ime ;  t h e  s o l u b i l i t y  of t h e  
p a r t i c u l a r  oxide i s  i n d i c a t e d  when no f u r t h e r  change i n  copper c o n c e n t r a t i o n  occurs  
wi th  t ime.  The fo l lowing  method i n d i c a t e s  t h e  manner i n  which t h e  s o l u b i l i t y  and 
t h e  r a t e  of s o l u t i o n  were determined.  An e l e c t r o d e  w a s  p laced i n  a 50 m i l l i l i t e r  
beaker  wi th  74 grams of e u t e c t i c  c h l o r i d e .  This  w a s  t h e n  s e t  i n t o  a f u r n a c e  a t  
800°F (427OC). Approximately 0 .5  gram samples of  t h e  e l e c t r o l y t e  were removed a t  
each 25 hour  t ime per iod  up t o  a l i m i t  o f  150 hours .  Th i s  was done by u s i n g  a s m a l l  
g l a s s  l a d l e  t o  d i p  i n t o  t h e  e l e c t r o l y t e  and remove t h e  sample.  The sample w a s  
a l lowed t o  s o l i d i f y  be fo re  it w a s  weighed. The l a d l e  was weighed previous  t o  t a k i n g  
t h e  sample s o  t h a t  t h e  amount of  sample could  be ob ta ined  then  by d i f f e r e n c e .  The 
sample w a s  d i s s o l v e d  i n  concen t r a t ed  hydroch lo r i c  a c i d  a f f e r  which t h e  copper was 
_ . I  - J .I AI- . .  --1--4: -.- m b i n  -oTIP. +hn + n t a  1 arnnllnf n t  rnnner T~~H,I- ,  was - VIY" -r -I_-- _ _  -.- _.-_ 
d i s so lved  i n  t h e  e u t e c t i c  f o r  t h a t  per iod  of  t ime.  T h e ' d a t a  i s  g iven  i n  terms of 
t h e  a p p r o p r i a t e  ox ide  pe r  100 grams of e u t e c t i c  m e l t .  Reference s h o u l d  be made t o  
S e c t i o n  E for t h e  manner i n  which t h e  sample w a s  ana lyzed .  Tables  11, 12,  13 and 1 4  
a r e  g iven  below and r e s p e c t i v e l y  i n d i c a t e  t h e  B.E.T. s u r f a c e  a r e a ,  t o t a l  p o r o s i t y ,  
bu lk  d e n s i t y  and s o l u b i l i t y  o f  t h e  cathode m a t e r i a l  i n  e u t e c t i c  e l e c t r o l y t e .  
Table 13. B.E.T. Sur faxe  Areas ( m  /gm) 2 
I 
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Table 14 .  P o r o s i t y  (% o f  T o t a l  E l e c t r o d e  Volume) 
Composition I 
Conf igu ra t ion  
I 30'0 S i n t e r e d  Pressed Powder 
Grid P l a t e  I 74.9 
33.6 
70.4 
Table 15 .  Bulk D e n s i t i e s  (gms/cc) 
50% CuO 
50% Cu20 
25.8 
25.. 5 
72 i2  
59.3 
25% CuO 
75% cu20 
49.3 
51.8 
69.8 
56.2 
- -  
100% cuzo 
58.0 
62.7 
68.3 
52.2 
81.0 
S i n t e r e d  Pressed 4.48 
Powder 
Grid P h t e  1 .60 
Needles 2.12 
4.62 4.18 
1.73 1 .77  
2.21 2.52 
-- -- 
Table 16.  S o l u b i l i t y  ( g  C u / l O O  g E l e c t r o l y t e )  
Conf igu ra t ion  
S i n t e r e d  Presse'd Powder 
Grid P l a t e  
Needl e s 
Spongy E l e c t r o p l a t e  
Composition 
75% CUO 
100% CUO 25% Cu,O 100% Gu,O 
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No d i f f e r e n c e  o u t s i d e  of exper imenta l  e r r o r  could be d i s t i n g u i s h e d  between samples 
t a k e n  a t  25 hours  and 144 hours .  Consequen t ly , ' t he  r a t e  of s o l u t i o n  could  n o t  be 
determined s i n c e  t h e  e l e c t r o l y t e  a p p a r e n t l y  becam'e s a t u r a t e d  wi th  copper  i o n s  i n  
l e s s  t h a n  25 hours .  ? 
It must be po in ted  ou t  t h a t  t h e  d a t a  i n  t h e s e  t a b l e s  were ob ta ined  on d u p l i c a t e  
A s  c an  be observed from t h e  d e s c r i p t i o n  o f  
- .  
e l e c t r o d e s  prepared  i n  t h e  same manner. 
t h e  CuO need le  ca thode  i n  Task IV, a d i sc repancy  e x i s t s  i n  t h e  v a l u e  of t h e  bu lk  
d e n s i t i e s .  This  d i f f e r e n c e  comes abou t  f r o m  exper ience  ga,ined i n  packing methods 
and a n . a t t e m p t  t o  produce ca thodes  of a r ep roduc ib le  q u a l i t y .  
of' p r e p a r a t i o n  of t h e  ca thodes  i n  S e c t i o n s  I-C-5 and IV-A-11.) 
c r i b e d  f o r  Tasks I, I1 and 111 were prepared  acco rd ing  t o  procedure I-C-5 whi le  t h e  
(Compare t h e  me$hods 
A l l  ca thodes  des-  
ca thodes  prepared  f o r  Task I V  were prepared  by method I V - A - 1 1 .  The more c o n t r o l l e d  
packing method used i n  t h e  1 s t - t e r  ca se  caused t h e  e l -ec t rode  d e n s i t y  t o  i n c r e a s e .  
R e f e r r i n g  t o  Table  15 ,  it i s  s e e n  t h a t  t h e  s i n t e r e d  p res sed  powder e l e c t r o d e s  had 
a d e n s i t y  > 4.0 grams/cc. A l s o  bg- examining Table 20 and 23 it can  be seen  t h a t  
t h e  s i n t e r e d  pressed  powder ca thodes  gave as good a penformance as d i d  t h e  lower 
d e n s i t y  need le  ca thodes .  This  d a t a  i n d i c a t e s  t h a t  t h e  ca thode  d e n s i t y  i n  t h i s  
range  (2-5  gms/cc) does n o t  p lay  a s i g n i f i c a n t  r o l e  i n  de t e rmin ing  t h e  c e l l  per-  
formance. Consequent ly ,  t o  a s h i e v e  a more c o n t r o l l e d  cathode f a b r i c a t i o n  procedure 
r e s u l t i n g  i n  more uniform ca thodes ,  t h e  procedure o f  I V - A - 1 1  w a s  adopted .  
Comparison of Tables  2 and 23 i n d i c a t e  t h a t  t h e  c e l l s  w i th  t h e  h i g h e r  d e n s i t y  
ca thodes  g e n e r a l l y  g ive  a l o n g e r  l i f e .  
E. TECHNTQUE OF ANALYSIS FOR METALLIC , CUPROUS AND CUPRIC COPTER. 
1. S t a n d a r d i z a t i o n  o€ Cer ic  S u l f a t e  S o l u t i o n  
The method f o r  t h e  s t a ,nda rd iza t ion  of t h e  c e r i c  s u l f a t e  s o l u t i o n  i s  g iven  i n  
Appendix 11. 
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2. Standardization of Thiqsulfate Solution 
The method for the standardization of the sodium thiosulfate is given in 
Appendix 11. 
3 .  
The method for the determination of -the total copper dissolved as cupric ion 
Determination of Total Dissolved Copper (Elec tro-deposited) 
is given. in Appendix 11. 
4. Determination of Metallic Copper in an Electrode 
The cathode o r  piece thereof was crushed into a fine powder using a mortar 
and pestle. A sample of the powder was accurately weighed, the sample weight 
being dependent'upon the amount of copper that was expected to be present in the 
sample. The sample was treated with about 25 milliliters of 12 normal hydro- 
chloric acid in an atmosphere of nitrogen so that oxidation of cuprous ion to 
cupric ion would be impeded due to the lack of atmospheric oxygen. This treatment 
causes the cuDric oxide and the cuDrous oxide to 80 i n t o  so l i i t , i on  bii-k met ,a l l i r ,  
copper remains unchanged. To ascertain that the metallic copper does not dissolve 
in 12 normal hydrochloric acid, a weighed strip of 10 Til thick x 2 centimeters x 
3.5 centimeters, clean copper was immersed in the acid for 24 hours. After this 
time the strip was rinsed thoroughly with distilled water, dried in vacuum at room 
temperature and reweighed. The final weight of the strip was found to be exactly 
the same as the initial weight. The conclusion drawn was that this indeed is a 
method and system in which the chemical reaction with metallic copper is nil for. 
this period of time. 
oxide and 100 percent cuprous oxide, it was found that these oxides completely 
In other tests using Fisher reagent grade 100 percent cupric 
dissolve in 12 normal hydrochloric acid. It is apparent that this treatment will 
yield valid determinations of copper in th9 presence of cupric and cuprous oxide. 
The solution to be analyzed containing dissolved cuprous oxide, cupric oxide 
and metallic copper is flowed through a fine porous glass fritted filter crucible 
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iathich has  been brought  t o  a c o n s t a n t  weight  and a c c u r a t e l y  weighed. 
of t h e  c r u c i b l e  were r i n s e d  wi th  t h r e e  5 m i l l i l i t e r  washings of 12 normal hydro- 
c h l o r i c  a c i d .  
a n a l y s i s  o f  cuprous and c u p r i c  i o n s  as is  desc r ibed  l a t e r .  
c o n t e n t s  were d r i e d  a t  room tempera ture  (23 C )  i n  a vacuum. The c r u c i b l e  m d  i t s  
c o n t e n t s  were weighed and t h e  c o n t e n t  of t h e  m e t a l l i c  copper  w a s  ob ta ined  by 
d i f f e r e n c e .  A sample c a l c u l a t i o n  o f  t h e  pe rcen t  m e t a l l i c  copper i n  an  o r i g i n a l  
The c o n t e n t s  
The f i l t r a t e  and washings were c o l l e c t e d  and r e t a i n e d  f o r  t h e  
The c r u c i b l e  and i t s  
1 
0 
e l e c t r o d e  fo l lows :  
SAMPLE CALCULATION 
Known Values: 
Weight of ana lyzed  sample 
C rue  i b l  e weight 
Cruc ib l e  + Cu weight 0 
* .  -,.... - I .  - .>.,-- I
I'yu'yV-LvI' "4, V W L V U L U V I V I . .  
% Cuo i n  e l e c t r o d e  
w grams 
c grams 
y grams 
(Y-c 100 
B 5. Determina t ion  o€ Cuprous Oxide i n  a n  E l e c t r o d e  
I 
The f i l t r a t e  c o l l e c t e d  i n  S e c t i o n  E-4 w a s  d i l u t e d  t o  a n  e x a c t l y  known 
volumetr ic  flask u s i n g  d i s t l l l e d  water. An a l i q u o t  o f  a p p r o p r i a t e  volume 
volume i n  a 
( p r e c a l -  
c u l a t e d  s i n c e  t h e  approximate cuprous oxide c o n t e n t  i n  t h e  sample w a s  known) was 
p ipe ted  from t h e  bu lk  s o l u t i o n  f o r  a n a l y s i s .  This  a l i q u o t  was t i t r a t e d  wi th  a 
s t a n d a r d i z e d  c e r i c  s u l f a t e  s o l u t i o n  acco rd ing  t o  t h e  r e a c t i o n :  
1+ 13 cu+ -t ~ e + '  + c u  + Ce 
The t i t r a t i o n  was done a t  ambient  room tempera ture  s i n c e  t i t r a t i o n s  a t  h i g h e r  temper- 
a t u r e s  caused t h e  compl i ca t ion  t h a t  c h l o r i d e  i o n s  were ox id ized  t o  t h e  gads wi th  conse- 
quent  i n a c c u r a c i e s .  Orthophenanthrol ino f e r r o u s  complex w a s  used as t h e  p o t e n t i a l  i n -  
d i c a t o r .  This  s o l u t i o n  was r e t a i n e d  for f u r t h e r  a n a l y s i s  of t h e  t o t a l  copper  con ten t  
of t h e  s o l u t i o n  as desc r ibed  i n  t h e  next  s e c i i o n ,  E-6. A sample c a l c u l a t i o n  showing 
t h e  method f o r  computing t b e  pe rcen t  cuprous oxide i n  a n  e l e c t r o d e  i s  g iven  below, 
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SAMPLE CALCULATION 
Known Values:  
Normali ty  of c e r i c  s u l f a t e  s o l u t i o n  = 0.100 N 
Volume c e r i c  s u l f a t e  t i t r a t e d  = 35.0 m l .  
Volume of d i l u t e d  sample = y j i t e r s  
Volume of a l i q u o t  e x t r a c t e d  from y = x l i t e r s  
Equat ion  of C a l c u l a t i o n :  
% Cu 0 i n  e l e c t r o d e  = 2 
T h i s  method f o r  o b t a i n i n g  t h e  cuprous c o n t e n t  of a sample i s  only  alpproximate s i n c e  
s e v e r a l  f a c t o r s  a r e  involved  t h a t  cause  i n a c c u r a c i e s .  I n  some c a s e s  i t  i s  v e r y  
d i f f i c u l t  t o  have t h e  oxide d i s s o l v e  i n  t h e  12  normal h y d r o c h l o r i c  a c i d .  S i n c e  
t h i s  i s  t h e  c a s e  and sometimes r e q u i r e s  as much as 1 6  hours  for d i s s o l v i n g  a small 
sample of' s i x  t e n t h s  of a gram, i t  w a s  found t h a t  s l i g h t  h e a t i n g  would f a c i l i t a t e  
t h e  ra te  of  d i s s o l u t i o n  of t h e  oxide sample However, upon a n a l y s i s  o f  i d e n t i c a l  
samples t ha t  had been h e a t e d  and n o t  h e a t e d ,  it w a s  foull?d t h a t  50% of t h e  o r i g i n a l  
cuprous oxide h a s  conver ted  t o  c u p r i c  oxide .  
S i n c e  some c a s e s  r e q u i r e  as l o n g  as 1 6  hours  t o  d i s s o l v e  t h e  oxide ,  a n o t h e r  
s m a l l  experiment was performed i n  o r d e r  t o  determine whether cuprous oxide c o n v e r t s  
t o  c u p r i c  oxide whi le  remaining a t  room temperature  and s t a n d i n g  over  a per iod  of 
t ime.  
12 normal h y d r o c h l w i c  a c i d  and t h r e e  samples were t i t r a t e d .  
t i t r a t e d  immediately,  t h e  second sample was t i t r a t e d  a f t e r  one hour and the t h i r d  
) 
A sample of F i s h e r  r e a g e n t  grade  100% pure cuprous oxide  was d i s s o l v e d  i n  
The f i r s t  ?ample w a s  
sample w a s  t i t r a t e d  af ter  t h r e e  h o u r s .  It was found t h a t  t h e  sample t i t r a t e d  a f t e r  
one hour  had a cuprous c o n t e n t  20% d i f f e r e n t  tha,n t h e  o r i g i n a l  sample and a l s o  was 
found t h a t  t h e  sample t i t r a t e d  a f t e r  t h r e e  hours  had changed cuprous oxide  c o n t e n t  
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by a f a c t o r  of 40%. 
d i s s o l v e d  as q u i c k l y  as p o s s i b l e  a t  as l o w ' a  tempera ture  as p o s s i b l e  and t i t r a t e d  
as quickly, :as  p o s s i b l e .  
From t h i s  i n f o r m a t i o n  it can  be s e e n  t h a t  t h e  samples must be 
Otherwise t h e  samples c o n t a i n i n g  any  cuprous oxide  w i l l  
have t h e  tendency t o  conver% t o  c u p r i c  oxide g i v i n g  i n a c c u r a c i e s  and poor d e t e r -  
mina t ions .  
It c a n  be s e e n  tha t  where a n  i n a c c u r a c y  i s  involved  i n  a t i t r a t i o n  of t h e  
cuprous oxide  and s i n c e  t h i s  same s o l u t i o n  i s  used t o  determine t h e  c u p r i c  oxide,  
t h e n  a r e s u i t a n t  i n a c c u r a c y  w i l l  a l s o  be involved  i n  t h e  c u p r i c  oxide  d e t e r m i n a t i o n .  
6 .  Determina t ion  o f  CuprZc Oxide i n  a n  E l e c t r o d e  
A-Cter o b t a i n i n g  t h e  end p o i n t  f o r  the cuprous going  t o  t h e  c u p r i c  t i t r a t i o n ,  
t h e  s o l u t i o n  was n e u t r a l i z e d  by adding  1 5  normal ammonium hydroxide drop-wise u n t i l  
a f a i n t  b l u e  c o l o r  was a p p a r e n t  th roughout  t h e  s o l u t i o n .  6 normal s u l f u r i c  a c i d  
~ 7 - c  +hnn n , i A n J  A m n n - w i  c n  >,n+i  1 +hn h11,n c n l  n r  i l i c 2 - t  Aisannonrpd * nno m i  1 1  i 1.: f P r  in 
excess  was f i n a l l y  added. This  procedure a d j u s t e d  t h e  pI3 OP -the so:Lution t o  t h e  
most s u i t a b l e  v a l u e  f o r  t h e  t i t r a t i o n  t o  follow. Four grams of potassium i o d i d e  
were d i s s o l v e d  i n  10 m i l l i l i t e r s  of water  and added t o  t h e  copper  c o n t a i n i n g  
s o l u t i o n .  
viith a s t a n d a r d i z e d  sodium thiosu7.fate  s o l u t i o n .  
. 
The s o l u t i o n  w a s  s w i r l e d  g e n t l y  and c o n t i n o u s l y  and immediately t i t r a t e d  
T h i o s u l f a t e  w'as added r a p i d l y  
u n t i l  t h e  c o l o r  of t h e  i o d i n e  became i n d i s t i n c t .  Three m i l l i l i t e r s  o f  s t a r c h  i n d i -  
c a t o r  s o l u t i o n  were added and t i t r a t e d  a lmost  t o  the  d isappearance  of t h e  b l u c  s tarch 
c o l o r .  Two grams of potassium t h i o c y a n a t e  were added and the s .o lu t ion  s w i r l e d  and 
t i t r a t e d  t o  i t s - f i n a l  end p o i n t .  
The t h i o s u l f a t e  w a s  s t a n d a r d i z e d  d i r e c t l y  a g a i n s t  pure  copper  as g iven  i n  
Appendix 11. 
A sample c a l c u l a t i o n  i s  g i v e n  below f o r  t h e  c a l c u l a t i o n  o f  t h e  p e r c e n t  of 
c u p r i c  oxide i n  t h e  e l e c t r o d e .  
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Known Values: 
- Normali ty  of t h i o s u l f a t e  s o l u t i o n   
- Volume t h i o s u l f a t e  t i t r a t e d   
- Volume of d i l u t e d  sample  
- Volume of a l i q u o t  e x t r a c t e d  from y  
O r i g i n a l  sample weight - 
. ,  
 
0. l O O N  
45.0 m l .  
y l i t e r s  
x l i t e r s  
w grams 
Equat ion  of C a l c u l a t i o n :  
Sinct:  t h e  t o t a l  q u a n t i t y  of  copper  i s  p r e s e n t  i n  t h e  -t-2 s ta te  f o r  t h i s  t i t r a t i o n ,  
account  i s  made i n  t h e  e q u a t i o n  t o  e x t r a c t  t h a t  amount of copper  t h a t  was due to- 
the  o r i g i n a l  cuprous s ta te .  
A second method was used a l s o  f o r  the d e t e r m i n a t i o n  of t h e  t o t a l  copper  i n  t h e  
8 .  1 __.._._ L -. .a :- . .  
S C ) I  I I l . I U 1 1 .  1 1 1 1 3  L J a 3 1 b Q L 1 V  v v c b z l  UVIIC? uy -I”” s ” u ” y ” ” , . ” r ” r l  - Y  - v---... I----  - - 
d e s c r i b e d  i n  d e t a i l  i n  Appendix 11. Both methods gave e q u i v a l e n t  r e s u l t s  and b o t h  
methods were used i n  o r d e r  t o  e x p e d i t e  t h e  analysis. 
7. Gravimet r ic  A n a l y s i s  used i n  the Thermal Oxida t ion  of Copper 
The f o l l o w i n g  method of a n a l y s i s  a p p l i e s  t o  t h e  copper  g r i d  e l e c t r o d e s ,  t h e  
copper  needle  e l e c t r o d e s  and e l e c t r o d e p o s i t e d  copper  powder e l e c t r o d e s .  
The proper  amount of copper  i s  weighed o u t  t o  g i v e  a 1 4  ampere-hour c a p a c i t y  
e l e c t r o d e  f o r  the p a r t i c u l a r  c u p r i c  oxide/cuprous oxide r a t i o  d e s i r e d  i n  t h e  f i n a l  
e l e c t r o d e .  By u s i n g  t h e  g r a v i m e t r i c  f a c t o r  79.57 d i v i d e d  by 63.57 t h e  weight of 
t h e  f i n a l  e l e c t r o d e  can  be determined when t h e  e l e c t r o d e  h a s  been conver ted  com- 
p l e t e l y  t o  c u p r i c  ox ide .  I n  t h e  case of the copper  n e e d l e s  and t h e  e l e c t r o -  
d e p o s i t e d  copper  powder, t h e  samples are p laced  i n  pre-formed a s b e s t o s  molds. The 
samples a z e  t h e n  placed i n  a f u r n a c e  a t  1000°C f o r  a b o u t  one-half  a n  hour  i n  f o r c e d  
r 
a i r .  By t h i s  t ime the copper  n e e d l e s  and t h e  e l e c t r o d e p o s i t e d  copper  powder have 
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.:::*d,JJ-ad t o g e t h e r  enough s o  tha t  t h e  molds can be removed from t h e  e l e c t r o d e s .  
* .  31c , j ~ e c t r o d e s  a r e  t h e n  placed back i n  t h e  f u r n a c e  a t  1000 C i n  f o r c e d  a i r  f o r  24 
0 
! r ~ .  A t  t h i s  t i m e  t h e  e l e c t r o d e s  a r e  removed from t h e  f u r n a c e  and al lowed t o  
'Each of t h e  e l e c t r o d e s  a r e  t h e n  weighed t o  determine 32~,i t o  room t e m p e r a t w e .  
.4:~,~:,hor t h e y  have been conver ted  comple te ly  t o  c u p r i c  ox ide .  I f  t h e  weight i s  n o t  
f f i c i e n t  as r e q u i r e d  by t h e  above c a l c u l a t i o n s ,  t h e  e l e c t r o d e s  are placed back i n  
: j ; ~  furnace  f o r  a n o t h e r  p e r i o d  of t ime.  T h i s  procedure i s  r e p e a t e d  u n t i l  t h e  
r . : r ! ~ t ~ o d a s  have been a t  l e a s t  99% conver ted  t o  c u p r i c  oxide .  
e!ctct,rodes c o n s i s t  e s s e n t i a l l y  of pure c u p r i c  oxide .  I f  a pure c u p r i c  oxide,  t h a t  
A t  t h i s  p o i n t  t h e  
:.< 1C3Z c u p r i c  oxide,  e l e c t r o d e  i s  d e s i r e d ,  t h i s  e l e c t r o d e  i s  t h e n  ready  f o r  e l e c t r o -  
;!w::ical t e s t i n g .  F o r  mix tures  of c u p r i c  oxide and cuprous oxide i n  the e l e c t r o d e ,  
t h e  percent  by weight of each component d e s i r e d  i s  conver ted  t o  grams by c a l c u l a t i o n  
4-he copper t o  c u p r i c  oxide produces t h e  maximum weight  e l e c t r o d e ,  t h e  convers ion  
01' p a r t  of t h i s  c u p r i c  ox ide  t o  cuprous oxide  w i l l  cause  a r e d u c t i o n  i n  weight .  
The e l e c t r o d e  i s  placed i n  a n i t r o g e n  atmosphere a t  1000 C f o r  a per iod  of t ime 0 
diJponding upon t h e  percentage  of cuprous oxide wanted i n  t h e  f i n a l  e l e c t r o d e .  A t  
t h i s  p o i n t  t h e  e l e c t r o d e  i s  cooled i n  a n i t r o g e n  atmosphere s o  t ha t  removal from 
this atmosphere does n o t  cause  o x i d a t i o n  due t o  a tmospher ic  oxygen. 
Cilectrode i s  weighed, and i s  compared t o  t h e  p r e - c a l c u l a t e d  v a l u e  d e s i r e d  f o r  t h i s  
Again, t h e  
P o s i t i o n  e l e c t r o d e .  
, I d s ,  t h e  e l e c t r o d e  i s  placed back i n  the n i t r o g e n  atmosphere a t  1000 C f o r  
If the weight i n d i c a t e s  t h a t  t oo  much c u p r i c  oxide s t i l l  
0 
C t h r  s h o r t  per iod  of t i m e .  If t h e  e l e c t r o d e  weight is t o o  low,  i n d i c a t i n g  t h a t  
0 :a :7ilch cuprous h a s  been formed, t h e  e l e c t r o d e  i s  h e a t e d  i n  f o r c e d  a i r  a t  1000 C 
' 9 short per iod  of t ime i n  o r d e r  t o  b r i n g  t h e  e l e c t r o d e  back up t o  t h e  c u p r i c  
' $?.*> x h i c h  i s  d e s i r e d .  T h i s  procedure can be r e p e a t e d  u n t i l  t h e  d e s i r e d  e l o c t r o d e  
composi t ion is  a c h i e v e d .  F i g u r e  12 i n  Appendix I shows t h e  grams of copper  n e c e s s a r y  
t o  use i n  o r d e r  t o  produce a 1 4  ampere-hour e l e c t r o d e  a t  a p a r t i c u l a r  composi t ion.  
F i g u r e  13 i n  Appendix I shows t h e  f i n a l  e l e c t r o d e  weight  t h a t  must be achieved  i n  
o r d e r  t o  a t t a i n  a p a r t i c u l a r  cLprous oxide  t o  c u p r i c  oxide  composi t ion. .  
F. 
w a s  
8 .  Q u a n t i t a t i v e  Determina t ion  of the S o l u b i l i t y  of Copper Oxide i n  E u t e c t i c  
E l e c t r o l y t e  a t  427 C 
0 
A d i s c u s s i o n  of t h i s  t o p i c  i s  g i v e n  i n  S e c t i o n  J .  
ANODE [COUNTER-ELECTRODE) PREPARATION 
The anode was g i v e n  secondary  importance throughout  t h i s  s t u d y .  S i n c e  magnesium 
proposed as the  anode t o  be used i n  t h e  p r o t o t y p e  c e l l  a t  t h e  end of t h i s  i n -  
v e s t i g a t i o n ,  it w a s  thought  a d v i s a b l e  t o  use t h i s  e l e c t r o d e  as the c o u n t e r - e l e c t r o d e  
whi le  examining t h e  e l e c t r o c h e m i c a l  performance of t h e  ca thode .  I n  th i s  way any  
nPfop+ n n  +ho Pafhnrlo ~ 1 1 ~  t n  t h e m n a n p s i i i m  annde w i l l  he i n n o r o o r a t e d  i n  t h e  cathode 
e v a l u a t i o n  s t u d y .  
Magnesium used f o r  t h e  p r e p a r a t i o n  of t h e  anode w a s  quoted  as b e i n g  a t  l e a s t  
99.8% pure w i t h  s p e c i f i c  i m p u r i t y  l e v e l s  n o t  exceeding t h e  f o l l o w i n g  amounts: 
t o t a l  percentage  of aluminum, copper ,  i r o n ,  manganese, s i l i c o n ,  and n i c k e l  - 0.20; 
maxium p e r c e n t  copper  0.05; maxium p e r c e n t  n i c k e l  0.01. 
Two methods have been used t o  p r e p a r e  t h e s e  e l e c t r o d e s ,  one method used mag- 
~ n e s i u m  powder and the o t h e r  u t i l i z e d  magnesium rod .  Both methods produced e q u a l l y  
s a t i s f a c t o r y  e l e c t r o d e s .  A d e t a i l e d  a n a l y s i s  of t h e  p r e p a r a t i o n  of each t y p e  of 
e l e c t r o d e  f o l l o v ~ s  . I "  
1. Anodes Prepared  From Magnesium Powder 
78 mesh magnesium g r a n u l e s  amounting t o  6 .65 grams (15  ampere-hour) were 
weighed o u t  i n t o  a d i e  30 m i l l i m e t e r s  i n  d i a m e t e r .  The powder w a s  p ressed  a t  20 
t o n s  p e r  s q u a r e  i n c h .  T h i s  produced a n  anode t h a t  w a s  mechanica l ly  s t r o n g  and 
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appeared as a s o l i d  p i ece  of magnesium. 
through the f a c e  of t h e  e l e c t r o d e  and tapped s o  t h a t  a 6-32 x 3 i n c h  s t e e l  sc rew 
A h o l e  was d r i l l e d  75 pe rcen t  of t h e  way 
could  be a t t a c h e d .  A 6-32 n u t ,  p rev ious ly  placed on t h e  screw,  was t 
a g a i n s t  t h e  magnesium. 
d u r a t i o n  of t h e  e l e c t r o c h e m i c a l  t e s t .  
T l i d  d e s i g n  gave good e l e c t r i c a l  connec t ion  throughout  t h e  . 
2. Anodes Prepared €rom Magnesium Rod 
Magnesium rods ,  23  m i l l i m e t e r s  i n  d iameter ,  were c u t  s o  t h a t  each p i ece  had 
The e l e c t r i c a l  connec t ion  t o  t h e  e l e c t r o d e  a n  energy c o n t e n t  of 1 5  ampere hour s .  
was made i n  t h e  same manner as desc r ibed  above, i . e . ,  a h o l e  w a s  d r i l l e d  75 pe rcen t  ’ 
of  t h e  way th rough  t h e  e l e c t r o d e  through one f a c e ,  t apped  and a 3 inoh  s t e e l  screw 
s e t  i n t o  p l a c e  and t i g h t e n e d  by s e c u r i n g  a nu t  aga, inst  t h e  magnesium. F igu re  1 4  i n  
Appendix I shows a p i c t o r i a l  r e p r e s e n t a t i o n  of t h a  e l e c t r o d e  arrangement .  
t h e  rod was used t o  prepare  t h e  anodes s i n c e  it i s  e a s i e r  and more convenient  to 
handle  t h e n  i s  t h e  g ranu la t ed  magnesium powder. 
I n  g e n e r a l ,  
G.  REFEREMX ELECTRODE FOR HALF-CELL TESTING 
The r e f e r e n c e  e l e c t r o d e  used i n  a l l  t h e  h a l f - c e l l  t e s t i n g  W ~ S  o f  t h e  s i l v e r -  
s i l v e r  c h l o r i d e  type .  A 25 m i l  s i l v e r  wi re  was i n s e r t e d  i n s i d e  a Pyrex tube  con- 
t a i n i n g  0.13 M s i l v e r  c h l o r i d e  i n  e u t e c t i c  l i t h i u m  ch lo r ide -po ta s s ium c h l o r i d e .  
The bottom of t h e  tube  w a s  plugged wi th  a m a t  of v i t r o n  f i b e r  and communication 
w a s  made w i t h  t h e  main body of t h e  e l e c t r o l y t e  through a small h o l e  i n  t h e  Pyrex 
t u b e .  The r e f e r e n c e  e l e c t r o d e  w a s  ope ra t ed  i n  such  a manner t h a t  t h e  s o l v e n t  l e v e l  
i n s i d e  t h e  tube,-was t h e  same l e v e l  as t h a t  of t h e  bu lk  e l e c t r o l y t e  i n  which t h e  
r e f e r e n c e  e l e c t r o d e  w a s  be ing  used.  F igu re  15  i n  Appendix 1 shows the phys ica l  
d e t a i l s  o f  t h e  r e f e r e n c e  e l e c t r o d e .  
H ELECTROLYTE 
E l e c t r o l y t e  used i n  t h i s  s t u d y  was 59 mole pe rcen t  l i t h i u m  c h l o r i d e  - 41 mole 
p e r c e n t  potassium c h l o r i d e ,  i . e . ,  i t s  e u t e c t i c  composi t ion.  The e l e c t r o l y t e  w a s  
p repared  by and ob ta ined  from Bnderson Phys ics  Labora tory ,  I n c . ,  Champaign, I l l i n o i s .  
The p u r i t y  of  t h e  e l e c t r o l y t e  w a s  determined by polarographic  a n a l y s i s  a t  Anderson. 
The polarograph  c e l l  c o n s i s t e d  of a t e n  m i 1  p la t inum t e s t  e l e c t r o d e  and a coun te r - .  
e l e c t r o d e / r e f  e rence  e l e c t r o d e  made from a plat inum f l a g  approximate ly  1 squa re  
c e n t i m e t e r  i n  a r e a .  A t y p i c a l  polarogram is  shown i n  F igu re  1 6  i n  Appendix I. 
' can  be s e e n  no wave i s  appa ren t  i n  t h e  cu rve  u n t i l  t h e  c h l o r i d e  i o n  begins  t o  
o x i d i z e  t o  c h l o r i n e  gas .  The only  i n d i c a t i o n  of a wave a t  l e s s  t h a n  -2.6 v o l t s  i s  
a s h a r p  r i s e  due t o  t h e  c h l o r i n e  e v o l u t i o n  a t  abou t  -2 .4  v o l t s .  I n  o r d e r % o  quo te  a 
r e s i d u a l  c u r r e n t  a t  -2 .5  v o l t s  as reques t ed  i n  t h e  t e c h n i c a l  proposa l ,  t h e  r e s i d u a l  
c u r r e n t  l y i n g  between 0 and -2.0 v o l t s  must be e x t r a p o l a t e d  t o  -2 .5  v o l t s .  The va lue  
r ead  from t h e  graph a t  -2 .5  v o l t s  i s  a combinat ion of  t h e  r e s i d u a l  curren-t and t h e  
c u r r e n t  due t o  t h e  o x i d a t i o n  o f  t h e  c h l o r i d e  i o n .  The polarograms were ob ta ined  a t  
40OoC. Nine ba tches  of t h i s  salt  were purchased and each ba tch  w a s  ana lyzed  
s e p a r a t e l y .  The r e s i d u a l  c u r r e n t s  of each b a t c h  i s  l i s t e d  below i n  T a b l e 1 7 .  
.. 
As 
Table 17 .  
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Sample No. 
182-46 
184- 5 
194-21 
184-23 
184-24 
184-25 
18/1-27 
184-28 
184-30 
Res idua l  Cur ren t  a t  -2.5V (p A )  
1 . 0  
0.8 
1 . 6  
1 . 4  
2 . 8  
1.1 
2 . 5  
1.3 
2 .0  
Each ba tch  r e p r e s e n t s  one k i logram of sa l t  and a l l  ba t ches  a r e  w e l l  w i t h i n  t h e  
al lowed 6 micro-ampere r e s i d u a l  c u r r e n t  l e v e l  a t  -2.5 v o l t s .  Th i s  sa l t  w a s  used 
f o r  a l l  t h e  t e s t i n g  i n  which salt  was r e q u i r e d .  
I. HALF-CELL TESTS I 
Two d i f f e r e n t  t y p e s  of h a l f - c e l l  t e s t s  have been performed on t h e s e  ca thodes .  
P o t e n t i a l  v e r s u s  c u r r e n t  d a t a  a t  s t e a d y  s t a t e  i n d i c a t e s  whether a c t i v a t i o n ,  ohmic 
o r  c o n c e n t r a t i o n  p o l a r i z a t i o n  i s  p lay ing  a n  impor t an t  r o l e  i n  t h e  cathode p e r f o r -  
mance. These d a t a  w i l l  a l s o  i n d i c a t e  whether c u p r i c  o r  cuprous oxide g i v e  a b e t t e r  
p o t e n t i a l  under  v a r i o u s  c u r r e n t  d r a i n s .  P o t e n t i a l  v e r s u s  t ime cu rves  a t  a con- 
s t a n t  c u r r e n t  a l lows  one t o  examine t h e  e l e c t r o c h e m i c a l  performance o f  an  e l e c t r o d e  
i n  r e l a t i o n  t o  i t s  p h y s i c a l  s t r u c t u r e .  For i n s t a n c e ,  a n  ex t remely  l o w  p o r o s i t y  
copper  oxide  ca thode  would show a s h o r t e r  l i f e  t h a n  a r e l a t i v e l y  open s t r u c t u r e  due 
t o  t h e  copper  r e a c t i o n  product  b locking  t h e  i n t e r i o r  o f  t h e  e l e c t r o d e .  P o t e n t i a l  
v e r s u s  t i m e  d a t a  a l s o  a l l o w s  t h e  u t i l i z a t i o n  t o  be c a l c u l a t e d .  ‘ m e  u t i l i z a t i o n  on 
a p a r t i c u l a r  ca thode  w i l l  be dependent mainly on t h e  ca thode  s t r u c u t r e ,  e f f e c t i v e n e s s  
o f  t h e  s e p a r a t o r  and t h e  amount of ox ide  going  i n t o  t h e  e l e c t r o l y t e ,  e i t h e r  by 
d i s s o l u t i o n  o r  by suspens ion .  
1. P o t e n t i a l  Versus Cur ren t  Data a t  S teady  S t a t e  
Refe r  t o  F igu res  17 through 20, Appendix I throughout  t h i s  d i s c u s s i o n .  The 
p o t e n t i a l  v e r s u s  c u r r e n t  d a t a  were ob ta ined  g a l v a n o s t a t i c a l l y .  The t e s t  c i r c u i t  
c o n s i s t e d  of a v a r i a b l e  25 ohm r e s i s t o r  and a 0 t o  500 mil l iammeter  i n  s e r i e s  
w i th  t h e  t e s t  c e l l  and a vacuum tube  v o l t m e t e r  connected d i r e c t l y  between t h e  
ca thode  and t h e  r e f e r e n c e  e l e c t r o d e  ( s e e  F igu re  21, Appendix I) .  The c u r r e n t  was 
s e t  by v a r y i n g  t h e  r e s i s t o r  u n t i l  t h e  d e s i r e d  r e a d i n g  r e g i s t e r e d  on t h e  ammeter. 
This  c u r r e n t  was k e p t  c o n s t a n t  f o r  a 10 minute  i n t e r v a l  a t  which t i m e  t h e  p o t e n t i a l  
of t h e  ca thode  was read  v e r s u s  t h e  r e f e r e n c e  e l e c t r o d e .  For abou t  t h e  f i r s t  6 or 7 
59 
minutes after setting the current, the potential would drift but from this time out 
to 15 minutes no further potential change was noted. 
taken to be at 10 minutes. The cathode was run at 200 milliamps €or one-half hour 
before any E vs. i data were collected. Potentials were obtained at constant 
Therefore steady state was 
i 
currents of 0, 60, 100, 150,  200, 300, 400, and 50.0 milliamps. All cathodes had a 
projected geometric surface of 9.6 square centimeters. 
Much difficulty was experienced with failures of the furnace during these and 
the E vs. t experiments. Originally these experiments were conducted in a 50 
milliliter Pyrex beaker which set into an upright tube furnace 
by exposed heating elements. After a very short period of time enough salt would 
I t  well" surrounded 
evaporate and react with the coils so as to cause a coil break. Various methods 
were employed to isolate the vapors f r o m  the coils such as asbestos and mica in- 
?T s . _ .  ,. .s- . -- . . .  . . -  -3 I .  --I-_-.._-. ---.. - " - -  > .--I ., - ---- " * .A I  LA- Y Y I L  u " I U Y "  & A U "  v u -  Y A " . L I U  .&AI V I A "  ""trlpvr w V U L  " 
of the electrolyte as great as + - 4 0 O C .  
erature control used. The temperature control senses the temperature through a 
chromel-alumel thermocouple which in turn activates or de-energizes a relay. With 
asbestos or mica shielding the coils, the coil side'of the insulation would con- 
siderably over-heat. By the time the electrolyte reaches its desired temperature, 
a large excess of heat continues to be transferred through the insulation causing 
This partially was due to the type of temp- 
electrolyte to greatly over-heat. It was found that by placing the 50 milliliter 
beaker containing the cell inside a tall form 200 milliliter beaker, the problem was 
solved. Heat transfer was much more rapid causing only + 5 C variations in the 
electrolyte temperature while at the same time protecting the coils of the tube 
0 
I 
furnace, Due to this problem and the time consuming problem of defining the con- 
ditions under which copper can be preferentially thermally oxidized to cupric or 
cuprous oxide, more time was required to perform these tests than had originally 
been anticipated. 
60 
A s  a p o i n t  of r e f e r e n c e ,  t h e  magnesium anode h a s  a p o t e n t i a l  of  approximate ly  
1700 m i l l i v o l t s  v e r s u s  t h e  s i l v e r - s i l v e r  c h l o r i d e  r e f e r e n c e  e l e c t r o d e .  All t e s t s  
viere performed a t  427 I-  - 5 C.  The o v e r a l l  t r e n d  from t h e s e  r e s u l t s  i n d i c a t e s  t h a t  
cuprous oxide g i v e s  a bette: ca thode  p o t e n t i a l  t h a n  t h e  o t h e r  f o u r  composi t ions.  
E v a l u a t i o n  of the  c o n f i g u r a t i o n  cannot  be made on t h i s  t y p e  of d a t a  s i n c e  t h e  com- 
p l e t e  r u n  o n l y  r e q u i r e d  a b o u t  2 hours  t o  perform. The E VS. t experiments  a t  con- 
s t a n t  c u r r e n t  are  a much b e t t e r  s o u r c e  of i n f o r m a t i o n  f o r  e v a l u a t i n g  t h e  most 
d e s i r a b l e  c o n f i g u r a t i o n .  To o b t a i n  t h e  h i g h e s t  c e l l  p o t e n t i a l  i n  t h e  e a r l y  stage 
of d i s c h a r g e ,  a ca thode  made from 100 p e r c e n t  cuprous oxide  i s  recommended. Using 
a s i n t e r e d  pressed  powder cathode as a n  example, t h e  t a b l e  below i n d i c a t e s  t h e  
comparison of t h e  d i f f e r e n t  cathode composi t ions a t  two c u r r e n t  l e v e l s .  These 
c u r r e n t s  r e p r e s e n t  a proposed 90% u t i l i z a t i o n  of a 1 4  ampere-hour cathode f o r  48 
n o i i r s  a n n  I LLLL nni i rs  - I 11 i l r i  I s i rdo I n 1 I, ~ . b  t,u ue LLU I,GU WIC(,I, k ~ t s  I W V V G 1 3  I, UUIVILVUG 
p o t e n t i a l  w i l l  g i v e  t h e  largest  c e l l  p o t e n t i a l .  A s  s e e n  i n  t h e  n e x t  s e c t i o n ,  ex- 
tended d i s c h a r g e  t i m e  shows only  a s m a l l  d i f f e r e n c e  i n  CuO and Cu 0 ca thodes .  
Table  18. S e l e c t e d  E v s .  I Data - S i n t e r e d  Pressed Powder 
0 
2 
2. P o t e n t i a l  v s .  Time a t  Cons tan t  C u r r e n t  
Refer  t o  F i g u r e s  23 through 6 1  throughout  t h e  d i s c u s s i o n  of t h i s  s e c t i o n .  The 
p o t e n t i a l  v s .  t i m e  d a t a  was obta ined  g a l v a n o s t a t i c - z l l y  a t  264 m a  f o r  t h e  2 day t es t s  
61 
and a t  87.5 m a  f o r  t h e  6 day t e s t s .  
Appendix I, and c o n s i s t s  o f  a power supp ly  ope ra t ed  a t  200 v o l t s ,  a c u r r e n t  regu-  
l a t i n g  v a r i a b l e  r e s i s t o r ,  a n  ammeter and a Var ian  G-14 r e c o r d e r .  The c o n s t a n t  
’. c u r r e n t  i s  achieved  by u s i n g  a High v o l t a g e  power supply  having t h e  m a j o r i t y  of t h e  
p o t e n t i a l  dropped a c r o s s  a l o a d  r e s i s t o r .  
v o l t a g e  changes,  t h e  p o t e n t i a l  change w i l l  a l l o w  on ly  a minute c u r r e n t  change.. F o r  
The t e s t  c i r c u i t  is  shoivn i n  F igu re  22,  
This  t h e n  means t h a t  i f  t h e  t e s t  c e l l  
Pxample, if t h e  t e s t  c e l l  v o l t a g e  changes by one v o l t ,  t h e  c e l l  c u r r e n t  w i l l  only 
change by a f a c t o r  
1 
of 1/200 o r  1 .3  m a  f o r  t h e  two day t e s t s  and 0.44 m a  f o r  t h e  6 
day t e s t s .  Except  f o r  t h e  l a s t  h a l f  hour  of a 50 hour t e s t ,  t h e  h a l f - c e l l  p o t e n t i a l  
changes much l e s s  t h a n  one v o l t  (about  0 . 3 V ) .  
The c e l l  c o n s t r u c t i o n  i n  a l l  c a s e s  was t h e  same and i s  shown c r o s s - c u t  i n  
F igu re  62, Appendix I. The c e l l  c a s e  u t i l i z e s  a 50 m l  Pyrex beaker .  A c i r c u l a r  
n i ece  o f  c n n n e r  h a v i n a  a r . i i r r n n t  r 1 ~ 1 _ i v ~ r w  t n h  j s  nlar.or1 n n  t h o  h n t t n m  nS t h P  h o n t o r  
The copper  t a b  is  coa ted  wi th  Sauer -Eisen  cement t o  p revent  o x i d a t i o n .  The ca thode  
i s  p laced  nex t  i n t o  t h e  beaker  s o  t h a t  it r e s t s  on t h e  copper  s h e e t .  On t o p  of t h e  
ca thode  w a s  p laced  a 1/16” t h i c k  p iece  of v i t r o n  t h a t  a c t s  as a s e p a r a t o r .  
(59 mole % L i C l  3- 41 mole % K C 1 )  is  melted a t  427OC i n t o  t h e  c e l l  u n t i l  70 gms have 
been added f o r  t e s t s  70 through 111 while  50 grams were used i n  t e s t s  1 through 69. 
S a l t  
A calumel-alumel  thermocouple encased i n  a Pyrex we l l  w a s  p laced  i n  t h e  e l e c t r o l y t e  
I d  a c t e d  as t h e  s e n s o r  wi th  which t h e  tempera ture  r e g u l a t o r  w a s  ope ra t ed .  
r e f e r e n c e  e l e c t r o d e  c o n s t r u c t e d  as shown i n  F igu re  15, Appendix I ,  w a s  p laced  i n  t h e  
A 
mel t  a t  the same t i m e  t h e  s a l t  was added s o  t h a t  a reasonab le  t ime could  be allowed 
f o r  any  e q u i l i b r a t i o n .  A magnesium anode was placed i n  t h e  melted sa l t  s o  t h a t  t h e  
s p a c i n g  between t h e  anode and ca thode  f a c e s  was n ine  m i l l i m e t e r s .  I n  s e v e r a l  c a s e s  
(as noted i n  t h e  t a b l e )  a n  e l e c t r o d e  s p a c i n g  of 25 mm was used.  
coulombic c a p a c i t y  abou t  30% g r e a t e r  t h a n  t h e  ca thode  i n  a l l  c a s e s  t o  i n s u r e  t h a t  
The anode h8.d a 
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t h e  anode would n o t  be a l i m i t i n g  f a c t o r  i n  t h e  c e l l  performance. Tho -,tpL,:,.;J". I 
t h e  anode and ca thode  were found be fo re  t h e  t e s t  and t h e  anode w a s  aga in  -+ 
a f t e r  comple t ion  of t h e  t e s$ .  I n  t h e  i n i t i a l  t e s t s  t h e  anode was not  ~ 0 ;  
t h e  t e s t s  s i n c e  a n a l y s i s  of t h e  "spent"  cathode was t o  be m3,dc. 
gave i r r e p r o d u c i b l e  and u n r e l i a b l e  r e s u l t s  wi th  which t o  c a l d u l a t e  t he  p2:- 
Ceth5  
e f f i c i e n c y  and u t i l i z a t i o n .  It w a s  found t h a t  l i t t l e  e r r o r  was involvad f!; . I 
mining t h e s e  v a l u e s  from t h e  anode weights  and consequent ly  t h i s  prac t ic t3  2,3.: 
adopted.  A l l  t h e  ca thode  t e s t s  were conducted t o  a c u t o f f  p o t e n t i a l  of 2 .2 ; :  
v s .  t h e  Ag;/O.lBM AgCl r e f e r e n c e  e l e c t r o d e ;  s i n c e  t h e  magnesium anode hw; 4 ! , *  
c e l l  p o t e n t i a l  of 1700 mv a g a i n s t  t h i s  same r e f e r e n c e  e l e c t r o d e ,  t h e  1206 *:::. 
cathode h a l f - c e l l  p o t e n t i a l  cor responds  t o  a c e l l  v o l t a g e  o f  0 .5  v o l t s .  P'rb-: ,  : 
p o t e n t i a l  (E )  v s .  t ime ( t )  curves ,  t h e  f o l l o w i n g  d a t a  were c a l c u l a t e d  8.r: "'*. ., ' 
I n  t h e  t a b l e s  under t h e  heading  "Cathode Composition" i t  i s  t o  be undorst  ;o: * 
t h e  remainder  of  t h e  e l e c t r o d e  n o t  s p e c i f i e d  i s  c u p r i c  oxide.  The percc-rli t:<rs 
c iency  i s  d e f i n e d  as t h e  coulombs of  energy withdrawn from t h e  cathode t c t  t?.: 
mv c u t - o f f  d iv ided  by t h e  o r i g i n a l  coulombic c a p a c i t y  of t h e  cathode n i u l % ~ r ? '  I 
100. The p e r c e n t  u t i l i z a t i o n ,  l i k e w i s e ,  i s  de f ined  as t h e  coulombs of ori*;:.<; I 
drawn from t h e  ca thode  t o  t h e  1200 mv cu t -o f f  d iv ided  by t h e  coulonibs of r.'~.'~'* 
r e a c t e d  m u l t i p l i e d  by 100. 
of 25 mm whi le  a l l  t h e  remaining e l e c t r o d e s  were t e s t e d  wi th  a 9 mm s p c i r + ; *  
The s e l f - d i s c h a r g e  c u r r e n t  ( I s s e d . )  i s  a n  average  va lue  a c t i n g  8s e fi** 
The t e s t  numbers marked vlith I f * "  had electro",? 
r-" 
m e r i t  i n  de te rming  t h e  r a t e  of coulombic l o s s  due t o  s e l f - d i s c h a r g e ,  i i : , i  ; 
i s  c a l c u l a t e d  from t h e  f o l l o w i n g  equat ion:  
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1 s . d .  =* 3600 
Cathode L i f e  t o  1200 mv i n  Hours 
This  f i g u r e  i s  p a r t i c u l a r l y  u s e f u l  i n  de te rmining  t h e  e f f e c t i v e n e s s  of t h e  soral-a<cx.. 
The m o s t  d e s i r a b l e  v a l u e  f o r  t h i s  f i g u r e  i s ,  of cour se ,  ze ro .  
Re fe r r ing  t o  S e c t i o n  9, i t  can  be seen  t h a t  t h e  e l e c t r o d e p o s i t e d  copper ~cf.is-~!t.,; 
halve a ve ry  low bulk  d e n s i t y  and consequent ly  would r e q u i r e  much more volume t o  
a t t a i n  a 1 4  A-hr c e l l  t h a n  would some of t h e  o t h e r  t ypes  of ca thodes  such  as tho  
s i n t e r e d  p res sed  powder of copper  needle  ca thodes .  
a r e  r e l a t i v e l y  f r a g i l e  and w i l l  e rode e a s i l y  i n  shock o r  v i b r a > t i o n  modes. 
Also,  it was observed t h a t  they 
Even though t h e  copper  g r i d  ca thodes  show good u t i l i z a t i o n s ,  a volume problor!i 
e x i s t s  similar t o  t h e  e l e c t r o d e p o s i t e d  copper  ca thodes .  The l a r g e  e l e c t r o l y t e  spaco  
a v a i l a b l e  i n  t h e  g r i d  e l e c t r o d e  i s  n o t  necessa ry  as can  be seen  f r o m  a comparison 
wi th  t h e  copper  needle  e l e c t r o d e s .  A cathode c o n s i s t i n g  o f  100% Cu 0 and having st 2 
1 4  A-hr c a p a c i t y  would r e q u i r e  a g r i d  of - 25 fin? n* n=-*--J - Y  _ _ -  - L ” M .  l l l l S  3 9 t V 3 C - J  
u l ~ ~  g1-m oeing  1 . 6  cm deep u s i n g  0.025 cm t h i c k  copper  s h e e t  and having gr id  
openings o f  5 x 5 mm. Roughly, t h i s  would double  t h e  volume of a similar c e l l  con- 
s t r u c t e d  Prom a copper  needle  ca thode  and would y i e l d  a p e s s i m i s t i c  va lue  f o r  i t s  
t o t a l  watt-hourfpound f a c t o r .  
must be handled wi th  t h e  g r e a t e s t  c a r e .  
The g r i d s  a l s o  a r e  v e r y  f r a g i l e  after o x i d a t i o n  an4 
The p res sed  powder ca thodes  produced a weak s t r u c t u r e .  I n  t h e  c a s e  o f  100% 
o f  p r e s s u r e  was n o t  enough t o  boix? 2 Cu 0 and 75% Cu 0 composi t ions ,  50 tons / inch  
t h e  p a r t i c l e s  i n t o  a s t a b l e  c o n f i g u r a t i o n .  I n  o r d e r  t o  t e s t  t h e s e  two composjtio!ic;. 
t h e  powder had t o  be p laced  i n  a small copper  bucket covered by a v i t r o n  sepm-atnl’. 
The e l ec t rochemica l  per f  ormance on t h e s e  e l e c t r o d e s  was a l s o  i n f e r i o r  t o  a l l  t h o  
o t h e r  c o n f i g u r a t i o n s  t e s t e d .  
2 2 
The s i n t e r e d  p res sed  powder and needle  ca thodes  show abou t  equa l  elec-trroch 
performance a t  both  t h e  s i x  and two day r a t e s .  The copper  needle  cathodo i s  w.wrh 
superior in mechanical strength and consequently would be capable of operation in 
more varied situations, such as in conditions of shock and vibration. 
Considering all the variables, we recommend the use of the copper needle cath- 
ode as the most effective and reliable structure of the five structures tested. 
1' 
Literature indicates that cupric dxide is reduced to copper by proceeding 
- 
through the limiting step: 2CuO 2e -+ Cu 0 -1- O= (Jasinski, R.,"High Energy 
Batteries", Plenum Press, N. Y., 1967). 
2 
Many of our tests also indicate that a 
)pure cupric oxide cathode operates at 100 to 200 mv greater half-cell potential 
(lower full-cell potential) than does a 100% Cu 0 cathode under current drain. 
This would support the suggestion to use a high cuprous oxide content cathode. 
Further tests also indicate that a 100% Cu 0 cathode has a lower resistance than 
CuO and thus the potential of the high cuprous oxide cathode stabilizes at its 
2 
2 
optimum in less than one-tenth the time required to reach the optimum operating 
that cuprous oxide is a good semi-conductor. Analysis of our data indicates a 
considerable overlap of operating potential when using the two extremes of elec- 
trode composition. The initial operating potential of a CuO cathode generally 
is worse than for a Cu 0 cathode. After about one-third of the scheduled opera- 
ting time, little difference exists in the performance of the two compositions. 
2 - 
This may be due to the initial reaction being: 
2~u0 2e- -+ C~,O i O= 
after which the major reaction becomes: 
- 
2 ~ u  o i ze 4 2cu0 i O= 2 
This would explain why we see little overall difference in the overall cell poten- 
tial in the tests tabulated. From this standpoint either CuO or Cu,O would be a 
suitable cathode material. Our recommendation is to use a 
with the copper needle configuration, using copper needles 
ci 
100% cuo composition 
5 mil in diameter. 
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T h i s  d e c i s i o n  i s  based on the h i g h e r  energy d e n s i t y  and e a s i e r  f a b r i c a t i o n  of t h e  
CuO s i n c e  t h e  o v e r a l l  e l e c t r o c h e m i c a l  performance i s  s i m i l a r  f o r  b o t h  oxide s p e c i e s .  
J. SOLUBILITY OF CuO AND bu20 IN 59 MOLE % LiCl  - 41 MOLE % K C 1  AT 427 -t  5OC 
The method used f o r  f i n d i n g  the q u a n t i t y  of t h e  v a r i o u s  cathode m a t e r i a l s  
suspended as p a r t i c l e s  o r  a c t u a l l y  d i s s o l v e d  i n  t h e  e u t e c t i c  l i t h i u m  c h l o r i d e  - 
potassium c h l o r i d e  a t  427 C follows. Each of  t h e  ca thodes  were prepared i n  e x a c t l y  
t h e  same manner as d e s c r i b e d  i n  t h e  prev ious  s e c t i o n s .  Seventy-four  grams of h i g h  
p u r i t y  Anderson e u t e c t i c  sa l t  was melted down a t  427 -t 5 C i n  a 50 m l .  beaker.  
0 
0 The 
e l e c t r o d e s  were i n s e r t e d  i n  t h e  mol ten  e l ec t j ?o ly t e  and a n  accumula t ive  t ime meter 
w a s  begun. 
s a l t  w a s  removed with a p r e v i o u s l y  weighed g l a s s  l a d l e .  The s a l t  w a s  a l lowed t o  
A t  twenty- f ive  hour  i n t e r v a l s ,  a sample o f  approximate ly  0 .6  grams of 
A - - --I l--- LL-.- 14 - -104- : -~e  L y > n , : d 4 + ~ r  a f + o r  w h i r h  +hn snl+. a.nd 
J - - -  ...IVVII -__ I -_ 
l a d l e  were weighed. The t o t a l  e x t r a c t e d  sample weight was obta ined  by d i f f e r e n c e .  
The sample w a s  d i s s o l v e d  i n  100 m i l l i l i t e r s  of d i s t i l l e d  water c o n t a i n i n g  3 m i l l i -  
l i t e r s  of 36N s u l f u r i c  a c i d  and 1-112 m i l l i l i t e r s  of 1 6 N  n i t r i c  a c i d  i n  o r d e r  t o  
a d j u s t  t h e  pH t o  t h e  proper  p o i n t .  The t o t a l  amount of copper  was p l a t e d  o u t  
e l e c t r o l y t i c a l l y  from t h e  sample. The e l e c t r o p l a t e d  copper  was c a r e f u l l y  washed 
with water  and methyl  a l c o h o l  and d r i e d  a t  room tempera ture ,  and f i n a l l y  weighed. 
The q u a n t i t y  of copper  i n  t h e  sample was c a l c u l a t e d  and expressed  as grams o f  
copper per  100 grams of e l e c t r o l y t e .  The t a b l e  below g i v e s  t h e  q u a n t i t y  o€ copper  
found i n  t h e  e l e c t r o l y t e  f o r  t h r e e  composiLions and f o u r  c o n f i g u r a t i o n s  of the 
copper  oxide c a t h o d e s .  
No d i f f e r e n c e  o u t s i d e  of exper imenta l  'error could  be d i s t i n g u i s h e d  between 
samples t a k e n  a t  25  hours  and 144 hours. Consequent ly ,  t h e  ra te  of s o l u t i o n  mas 
n o t  determined.  The e l e c t r o l y t e  a p p a r e n t l y  becomes s a t u r a t o d  w i t h  copper  i o n s  i n  
l e s s  t h a n  25  hours .  
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It i s  s e e n  t h a t  e l e c t r o d e s  having 100% Cu 0 show about  t h r e e  t imes  as much 2 
copper  i n  t h e  e l e c t r o l y t e  t h a n  does a similar e l e c t r o d e  made of 100% CuO. Accord- 
i n g  t o  Klopp, E.and Senderof f ,  s., Second Report  NOrd l9240 (December 1958) (AD 
226262) t h e  s o l u b i l i t y  o f  c u p r i c  oxide i n  t h i s  e l e c t r o l y t e  i s  0.36 gms/100 gms o f  
sa l t  a t  6OO0C; cuprous oxlde s o l u b i l i t y  is  g iven  as 0.42 gms/100 gms sa l t  a t  
45O0C. Nei the r  of t h e s e  t empera tu res  correspond t o  our working c o n d i t i o n s  bu t  
g i v e  d a t a  t h a t  c a n  be used as a "rough" comparison. 
preceeding  t a b l e  t h a t  much more cuprous oxide is p r e s e n t  i n  t h e  e l e c t r o l y t e  i n  ou r  
It c a n  be s e e n  from t h e  
t e s t s .  Th i s  l e a d s  t o  t h e  conc lus ion  t h a t  n e a r l y  h a l f  of t h e  cuprous oxide i s  n o t  
d i s s o l v e d  b u t  r a t h e r  e x i s t s  as Cu20 p a r t i c l e s  f l o a t i n g  i n  t h e  e l e c t r o l y t e .  
quen t ly ,  it appea r s  of t h e  utmost importance t o  u se  a separa"cr  t h a t  has  a p o r o s i t y  
low enough t o  keep  t h e s e  p a r t i c l e s  from r each ing  t h e  anode. However, a s e p a r a t o r  
m o s t  probably can  be used t h a t  has  a r e l a t i v e l y  open s t r u c t u r e  and t h u s  w i l l  n o t  
vwuuv J_AL5jll. -LIIvvI .  LIL*II ueILI I t i 3 ~ 3  , , a l l b ~ .  I I L ~  v I i , r * i i r i  S C ) I ) N . ~ H  r . n r  n e q r . r i  nnn 117 't'aqv I 1 
appea r s  t o  meet t h e s e  c r i t e r i a  q u i t e  w e l l *  
Conse- 
- . -  . . 
Based on weight ,  t h e  cuprous oxide p l aces  about  t h r e e  t imes  as much copper  (as 
3- ++ o r  Cu 0) i n  t h e  e u t e c t i c  e l e c t r o l y t e  as does t h e  c u p r i c  oxide  (as Cu e i t h e r  Cu 
o r  CuO). 
coulombs o f  Cu 0 l o s t  f r o m  t h e  cathode pe r  100 grams of  e l e c t r o l y t e .  According t o  
t h e  l i t e r a t u r e  r e f e r e n c e  g iven  above, t h e  coulombic c a p a c i t y  o f  t h e  d i s s o l v e d  Cu20 
i s  only  566 coulombs. The d i f f e r e n c e  of 434 coulombs t h e n  must be due t o  the '  d i s -  
l odg ing  o f  p a r t i c l e s  f r o m  t h e  e l e c t r o d e .  I n  terms o f  t h e  a c t u a l  s o l u b i l i t y  o f  t h e  
oxides  , t h e  cuprous oxide would a c t u a l l y  cause  more s e l f  d i scha rge  t h a n  w i l l  c u p r i c  
2 
Based on coulombs, t h i s  amounts t o  -600 coulombs o f  CuO o r  - 1000 
2 
oxide .  The q u a n t i t y  of d i s l o c a t e d  Cu 0 p a r t i o l e s  from t h e  ca thode  w i l l  be a f u n c t i o n  
of t h e  e l e c t r o d e  p r e p a r a t i o n ,  i . e . ,  t h e  mechanical s t a b i l i t y  o f  t h e  e l e c t r o d e .  
2 
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K .  CATHODE STABILITY UNDER DYNAMIC CONDITIONS 
Before t h e  r e l i a b l e  recommendation f o r  a f i n a l  c e l l  could  be made i n  Task I V ,  
it i s  v e r y  impor tan t  t o  know whether a p a r t i c u l a r  ca thode  w i l l  s t a y  
v a r i o u s  shock, v i b r a t i o n  and a c c e l e r a t i o n  c o n d i t i o n s .  
n o t  r e q u i r e d  by c o n t r a c t ,  CRC has  f e l t  t h a t  t h i s  in format ion  m u s t  be known i n  o r d e r  
i n t a c t  under  
# .  
Even though t h i s  t e s t i n g  i s  
t o  recommend a proper  f i n a l  d e s i g n .  Because of t h i s  we have s e l e c t e d  a few s p e c i f i c  
Fathodes,  t h a t  seem promising e l e c t r o c h e m i c a l l y ,  t o  be t e s t e d  under dynamic c o n d i t i o n s  
a t  o u r  own t i m e  and expense.  
The t e s t  c o n t a i n e r  used i n  t h e s e  dynamic t e s t s  was a c y l i n d r i c a l  can,  1-5/8" i n  
The t e s t  e l e c t r o d e  was placed i n  t h e  d iameter  by 2" h i g h  made from s t a i n l e s s  s t e e l .  
bottom of t h i s  can. On t o p  of t h e  e l e c t r o d e  mas placed a n  eight-mesh copper  s c r e e n  
i n  a n i c k e l  c o l l a r  and t h e  c o l l a r  spot-welded t o  t h e  can.  T h i s  was done t o  keep t h e  
t e s t s  were conducted. Four of t h e  c o n t a i n e r s  were f i l l e d  with molten e u t e c t i c  
c h l o r i d e  salt  and allowe'd t o  s o l i d i f y .  Each can  conta ined  a 100% cuprous oxide 
ca thode .  Four c o n f i g u r a t i o n s  were t e s t e d  i n c l u d i n g  t h e  copper  needle  e l e c t r o d e ,  
t h e  copper  g r i d  e l e c t r o d e ,  the s i n t e r e d  pressed  powder e l e c t r o d e  and t h e  e l e c t r o -  
p l a t e d  copper  ca thode .  Two a d d i t i o n a l  t e s t s  were conducted having  t h e  can  f i l l e d  
, with g l y c e r i n  i n  p l a c e  of e u t e c t i c  c h l o r i d e .  This w a s  done t o  t e s t  the  dynamic 
1 a p a b i l i t i e s  of t h e  ca thodes  i n  a s i m u l a t e d  o p e r a t i n g  c o n d i t i o n  i n  molten e u t e c t i c  
c h l o r i d e .  Two c o n f i g u r a t i o n s  were t e s t e d ,  t h e  s i n t e r e d  pressed  powder ca thode  and 
t h e  needle  cathode,'  b o t h  be ing  o f  100% cuprous oxide composit.ion. Fi : ia l ly  a header  
w a s  p laced o n . t h e  c a n  s o  tha t  no a i r  space  remained i n s i d e ,  and welded. T e s t s  on 
each  one of these c o n t a i n e r s  and ca thodes  were made under  t h e  f o l l o w i n g  c o n d i t i o n s :  
1. Shock, half-wave, t h r e e  shocks i n  each  of t h r e e  p e r p e n d i c u l a r  d i r e c t i o n s ,  
s i x  a x e s  a t  1 8 G  for 12 m i l l i s e c o n d s .  
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2 .  V i b r a t i o n ,  s i n u s o i d a l  5 t o  1 6  c y c l e s  per  second a t  0.368" d isp lacement ,  
16-2,000 c y c l e s  per  second a t  5G. 
# 
3 .  A c c e l e r a t i o n ,  7G i n  t h e  l o g i t u d i n a l  d i r e c t i o n ,  3G i n  t h e  l o n g i t u d i n a l  
2 '  
d i r e c t i o n ,  4 . 5 G  i n  t h e  l a t e r a l  d i r e c t i o n  X X Y and Y 1 2 1  
A f t e r  t h e s e  t e s t s  t h e  c e l l s  were c a r e f u l l y  c u t  open and t h e  cathode was examined. 
I n  a l l  o f  t h e s e  t e s t s  no r e sonan t  modes were observed i n  t h e  t e s t  spectrum. 
The r e s u l t s  o f  t h e  tes ts  conducted wi th  s o l i d  e u t e c t i c  c h l o r i d e  a r e :  s i n t e r e d  
pressed powder ca thode  - no d e t e r i o r a t i o n ;  copper  needle  cathode - no d e t e r i o r a t i o n ;  
copper g r i d  ca thode  - c o r n e r  breakage;  e l e c t r o p l a t e d  copper  cathode - heavy e r o s i o n .  
The r e s u l t s  o f  t h e  ca thodes  ' t e s t ed  i n  t h e  g l y c e r i n  s o l u t i o n  a r e  as fo l lows :  copper  
needle  ca thde  - s l i g h t  e r o s i o n ;  s i n t e r e d  pressed  powder cathode - medium e r o s i o n .  It 
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TASK I1 SWARATOR STUDY 
A.  SELECTION OF SEPARATOR MATERIALS 
Five  t y p e s  o f  s e p a r a t o r  m a t e r i a l  were s e l e c t e d  t o  be examined f o r  s t a b i l i t y  
0 
i n  59 mole % LiCl -t 41 mole % K C 1  a t  427OC (800 F) and f o r  i t s  i o n i c  c o n d u c t i v i t y  
i n  t h e  same e l e c t r o l y t e .  These m a t e r i a l s  were: 
i 
1.. Asbestos  
2. Woven g l a s s  
3 .  F i b e r f r a x  
4. V i t r o n  
5. Porous p o r c e l a i n  
The fo l lowing  t a b u l a t i o n  provides  a s p e c i f i c  description of each m a t e r i a l :  
1. Asbestos  
a ; )  t h i c k n e s s  ---- 40 m i l  
---.I . .  
I J .  I I- U U I U D L ~ V  - - -  Y W l O  
2. Woven Glass  
a , )  t h i c k n e s s  ---- 7 m i l  
b . )  $ p o r o s i t y  --- 90% 
c .  ) 
d . )  
e . )  c l o s e  weave 
purchase s p e c i f i c a t i o n s  --- number Y-1140, Form 5, Class C, Type ECC-B 
squa re  weave --- 32 t h r e a d s f i n c h  
3 .  F i b e r f r a x  
a . )  t h i c k n e s s  --- ob ta ined  as bu lk  (s imilar  t o  abso rben t  c o t t o n )  and s l i c e d  t o  
d e s i r e d  t h i c k n e s s  (. 
b . )  $ p o r o s i t y  --- 67% 
c .  ) purchase s p e c i f i c a t i o n s  --- Carborundum F i b e r f r a x  No. 970-F 
d . )  chemical  composi t ion:  
79 
Binder and o t h e r  o rgan ic s  ----------------- 4 . 8  
4. V i t r o n  
a . )  t h i c k n e s s  --- ob ta ined  3s bu lk  ( s i m i l a r  t o  abso rban t  c o t t o n )  and s l i c e d  
t o  d e s i r e d  t h i c k n e s s .  
b . )  % p o r o s i t y  --- 87% 
c,. ) purchase s p e c i f i c a t i o n s  --- V i t r o n  "E" Glass Mic ro f ibe r s ,  0.20 t o  0.499 
micron f i b e r  d iameter ,  Johns-Manvil le  Code lOdE Glass 
MgO 5 .0  3- 0 .4  - 
5. Porous P o r c e l a i n  
a . )  t h i c k n e s s  ---- 79 m i l  
b . )  % p o r o s i t y  --- 82% 
c .  ) chemical  composi t ion --- u n a v a i l a b l e  
B. COMPATIBILITY OF THE SEPARATORS WITH THE ELECTROLYlZ 
The f i r s t  examinat ion t h a t  was conducted wi th  t h e  s e p a r a t o r  m a t e r i a l s  was 
des igned  t o  de te rmine  whether t h e y  were chemica l ly  and p h y s i c a l l y  s t a b l e  i n  t h e  59 
8 0  
mole % LiCl + 41  mole % K C 1  e l e c t r o l y t e  a t  427OC f o r  a per iod  of 200 hours .  
must be t h e  f i r s t  c r i t e r i o n  t h a t  must be f u l f i l l e d  i n  t h e  examinat ion l e a d i n g  t o  t h e  
This  
u s e f u l  s e l e c t i o n  of a s e p a c a t o r  m a t e r i a l .  
I .  
I n  a l l  t h e s e  t e s t s ,  " t e s t  s t r i p s "  of t h e  s e p a r a t o r  m a t o r i a l  were c u t  7 x 2 cm. 
2 
o f  which 4 cm. ( 8  cm ) was al lowed t o  d i p  i n t o  t h e  e u t e c t i c  e l e c t r o l y t e  while  main- 
t a i n i n g  t h e  e l e c t r o l y t e  t empera tu re  a t  427 + 5 C .  Four s t r i p s  of each m a t e r i a l  were 
suspended i n  a 50 m l  beaker  by a f i n e  p i ece  of nichrome wire  which never  came i n  
c o n t a c t  w i th  t h e  e l e c t r o l y t e .  The " t e s t  s t r i p s "  were weighed previous  t o  t h e i r  
immersion i n  t h e  e l e c t r o l y t e .  One of t h e  f o u r  " t e s t  s t r i p s "  was removed from t h e  
me l t  a t -  50 hour i n t e r v a l s ,  washed, d r i e d  and a g a i n  weighed. The weight l o s s  o r  
g a i n  and i t s  p h y s i c a l  appearance w a s  no ted .  
i t  i n  250 m l  o f  water  f o r  f i v e  minutes  and r e p e a t i n g  t h i s  f o r  a t  l e a s t  f i v e  washings.  
0 
- 
Each " t e s t  s t r i p "  w a s  washed by p l a c i n g  
The sample was t h e n  placed on a watch g l a s s  and d r i e d  €or one-half  hour a t  150-C. 
A t es t  was conducted on a s b e s t o s  t o  determine whether one-half  hour a t  t h i s  
tempera ture  was s u f f i c i e n t  t ime t o  comple te ly  d r y  t h e  sample.  A f t e r  washing a 
sample of t h e  a s b e s t o s  it w a s  d r i e d  as noted and weighed. The sample was placed 
back i n  t h e  oven f o r  an  a d d i t i o n a l  64-1/2 hours  a f t e r  which i t  w a s  weighed 
It was found t h a t  on ly  a 0.3 mg. weight  d i f € e r e n c e  occured and consequent ly  a l l  
remaining t e s t s  were d r i e d  for,1/2 hour  a t  150 C.  
a g a i n .  
0 
Tables  25 th rough 29 below f o l l o w  t h e  progress  of t h e  weight  change of t h e  
v a r i o u s  separafbor m a t e r i a l s  throughout  t h e  l i f e  of t h e  t e s t .  
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Table  25. S t a b i l i t y  of Asbestos  i n  E u t e c t i c  Melt a t  427OC. 
Beginning 
Weight 
(gmd 
0.9771 
.9197 
.9407 
.9554 
F i n a l  
Weight 
( gms ] 
I. 0013 
8821 
.9278 
.9635 
+ 0.0242 
- 0.0376 
- 0.0129 
-!- 0.0081 
3- 3.0 
- 4.7 
- 1.6 
3- 1.0 
I n  a l l  c a s e s  t h e  s e c t i o n  of  t h e  " t e s t  s t r i p "  immersed i n  t h e  me l t  gave a v e r y  
whi te  and c l e a n  appearance a f t e r  washing. The s t r i p  was n o t  b r i t t l e  b u t  would n o t  
t o l e r a t e  bends g r e a t e r  t h a n  abou t  20 without  c rack ing .  The r e s u l t s  show that no 
e f f e c t  c a n  be a t t r i b u t e d  t o  i t s  chemical  s t a b i l i t y  due t o  i t s  exposure t o  t h e  m e l t .  
The weight i n c r e a s e s  noted a r e  probably due t o  incomplete  washing even a f t e r  f i v e  
washes. I n  a l l  c a s e s  s m a l l  p a r t i c l e s  of t h e  a s b e s t o s  a r e  s e e n  f l o a t i n g  i n  t h e  wash 
0 
wate r .  
Table  26. S t a b i l i t y  of maven G l a s s  i n  E u t e c t i c  Melt a t  427 C 
0 
Time 
( Hrs 1 
50 
100 
T e s t  No. 2 
Beginning 
Weight 
( gms 1 
0.2291 
0.2086 
0.2310 
0.2194" 
F i n a l  
Weight 
gms 1 
0.2251 
Crumbled 
0.2276 
0.2115 
_-  
. - 0.0034 
-- 
- 0.52 
T e s t  #2 
a2 
A s  noted i n  t h e  above t a b l e ,  f o u r  of t h e  e i g h t  g l a s s  s t r i p s  t e s t e d  became 
q u i t e  f r a g i l e  and would crumble wi th  t h e  l e a s t  handl ing .  
by comple te ly  immersing t h ?  samples i n  t h e  e u t e c t i c .  
s t r i p  be ing  p a r t i a l l y  exposed t o  t h e  hea ted  a i r  may have caused some r e a c t i o n  wi th  
t h e  samples .  This  r u n  had t o  be d i scon t inued  a f t e r  50 hours  s i n 6 e  a l l  t h e  
samples had fuzed  t o  t h e  s i d e  of t h e  Pyrex beaker .  Th i s  i n d i c a t e s  t h a t  t h e  a i r  was 
no t  i n s t r u m e n t a l  i n  caus ing  t h e  crumbling of t h e  sample b u t  r a t h e r  that  t h e  molten 
salt  w a s  a t t a c k i n g  t h e  " t e s t  s t r i p " .  
noted t h a t  a l l  t h e  g l a s s  s t r i p s  l o s t  weight  i n  t h e  f i r s t  run,  t h e  180 hour s t r i p  
l o s i n g  more weight t han  t h e  50 hour sample.  The woven glass remains i n t a c t  while  
i n  t h e  m e l t  bu t  becomes ve ry  f r a g i l e  w i th  l i t t l e  mechanical  i n t e g r i t y  a f t e r  be ing  
i n  t h e  mel t  for 100 hours .  It appears  t h a t  the s l i g h t e s t  v i b r a t i o n  would cause t h e  
woven glass s t r i p  t o  d i s i n t e g r a t e .  
Table  2'7, S t a b i l i t y  o f  F i b e r f r a x  i n  E u t e c t i c  Melt a t  427 e 
Another t e s t  was a t tempted  
It was thought  t h a t  t h e  g l a s s  
To suppor t  t h i s  conc lus ion ,  i t  should  be 
0 
Time 
( H r s  1 
24. 
90 
144 
192 
Weiglit ga in (+)  /loss ( - )  
gms 1 
0.7826 0.7414 - 0.0412 
0.8012 0.7867 - 0.0145 
0.7678 0.7300 - 0.0378 
- 10.9 
- 3.8 
- 10.1 
A t  t h e  192 ,hour  l e v e l ,  i t  was found t h a t  t h e  € i b e r f r a x  had  comple te ly  d i s -  
i n t e g r a t e d  i n t o  a pulp  throughout  t h e  molten e u t e c t i c .  
f r a x  would be a n  Unacceptable s e p a r a t o r  f o r  ou r  200 hour  c e l l  t e s t s .  
t h e  f i b e r f r a x  does form a pulp,  i t  might s t i l l  a c t  as a s e p a r a t o r  bu t  would r e q u i r e  
t h e  c e l l  t o  be ope ra t ed  i n  a f i x e d  p o s i t i o n  s o  t h a t  t h e  pu lp  would no t  s e t t l e  t o  one 
This  i n d i c a t e s  t h a t  f i b e r -  
Even though 
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s i d e  o r  t h e  o t h e r  a l lowing  a p o r t i o n  of t h e  c e l l  t o  be wi thou t  any s o p a r a t o r .  I n  
g e n e r a l  t h i s  would l e a d  t o  a n  o b j e c t i o n a b l e  des ign .  
Table  28. S t a b i l i t y  of V i t r o n  i n  E u t e c t i c  Melt a t  427OC 
2 
Weight g a i n (  -I-) / l o s s  ( - ) W t  . Change/&m 
( gms ., mg/cm 
- 0.0241 - 3.46 
- 0.0215 - 3.08 
- 0.0275 - 3.94 
-0.0184 - 2.64 
The v i t r o n  samples d i d  no t  change i n  appearance and were still mechanica l ly  
s t r o n g  a t  t h e  end o f  t h e  t e s t i n g  per iod:  
l o s t  from 5.8% t o  7.3% by weight  and t h i s  weight l o s s  tvas  independent  o f '  t h e  t ime 
t n e  s a m p e s  remairiea 111 LIIB ~ I U L L .  P U I -  L I ~ S L S I I G ~ ,  UL I,WL a ~ . L U ~ G  VI V L L L U I L  W G ~  1 1 1  
By weighing i t  w a s  found t h a t  t h e  samples 
t h e  me l t  50 hour s ,  i t  had l o s t  6.5% by weight ;  a f t e r  141  hours ,  6.0%; a f t e r  190 
hour s ,  7.3%; and a f t e r  215 hours ,  5.8%. This  i n d i c a t e s  t h a t  some s o l u b l e  s p e c i e s  
i n  t h e  v i i r o n  is  be ing  leached  f r o m  t h e  sample i n  a r e l a t i v e l y  s h o r t  t ime and no 
f u r t h e r  d e t r i m e n t a l  e f f e c t  i s  observed throughout  t h e  cour se  of t h e  200 hour per iod .  
Of t h e  s e p a r a t o r s  t e s t e d ,  t h i s  one has  t h e  b e s t  r e s i s t a n c e  t o  any e f f e c t  t h e  e u t e c t i c  
- c h l o r i d e s  may have and from t h i s  s t a n d p o i n t ,  i t  would be t h e  m o s t  s u i t a b l e  s e p a r a t o r  
i 
J 
f o e  u s e  i n  t h e  thermal  c e l l .  
Table  29. S t a b i l i t y  of Porous P o r c e l a i n  i n  E u t e c t i c  Melt a t  427 C 0 
84 
Begi. nn i  ng 
Weight 
(gms)  
5.2506 
4.0494 
5.3714 
5.3583 
2 
Weight g a i n ( + ) / l o s s (  - )  W t .  Changekm 
gms 1 . mg/cm 
The porous p o r c e l a i n  a p p e a r s  t o  be chemica l ly  s t a b l e  i n  t h i s  e l e c t r o l y t e  
system. 
p o r o s i t y .  
on t h e  material while a l l  t h e  remaining t e s t s  gave samples t h a t  were a mot t led  g r a y  
and white .  
A f t e r  the  233 hour  t e s t  t h e  sample w a s  s t i l l  mechanical ly  s t r o n g  w i t h  good 
The p h y s i c a l  appearance o f  t h e  66 hour t e s t  showed a uniform g r a y  c o l o r  
# 
From t h e  tes ts  made on t h e  chemical  and p h y s i c a l  s t a b i l i t y  o f  these s e p a r a t o r s ,  
t h e  f o l l o w i n g  t a b l e  i n d i c a t e s  t h e i r  u s e f u l n e s s  f o r  50 and 200 hour  t e s t s .  These 
c o n c l u s i o n s ,  combined w i t h  t h e  c o n c l u s i o n s  from t h e  n e x t  s e c t i o n  ( S e c t i o n  C ) ,  will 
provide t h e  i n f o r m a t i o n  upon which a s e p a r a t o r  will be s e l e c t e d  f o r  use  i n  t h e  t e s t  
c e l l s  * 
Table 30. Comparison of S e p a r a t o r  M a t e r i a l s  
I B W I ~ I  I , F I . ~ I I H  I o r '  
Mat e r ia l  
Asbestos  
Woven Glass 
F i b e r f  rax  
V i t r o n  
Porous 
Porc e l a i n  
50 H r .  T e s t s  
Y e s  
Y e s  
Y e s  
Yes 
Yes 
200 Hr. T e s t s  
Yes 
No 
I\T 0 
Y e s  
Yes 
Even though a s b e s t o s  s h e e t  w a s  e s s e n t i a l l y  chemica l ly  i n a c t i v e  f c r  200 hours ,  
i t  i s  on t h e  verge  of becoming a n  i n c o h e r e n t  pu lp .  For  t h e  50 hour  t e s t s ,  a s b e s t o s  
s h e e t  should  bb s a t i s f a c t o r y  b u t  f o r  the 200 hour  t e s t s  it appears  t o  be margina l .  
V i t r o n  and porous p o r c e l a i n ,  a t  t h i s  p o i n t  i n  t h e  s t u d y ,  a p p e a r  t o  o f f e r  t h e  
b e s t  c h a r a c t e r i s t i c s  as a s e p a r a t o r  m a t e r i a l .  
l a r g e  pore volume would n o t  seem t o  be h indered  by a h i g h  r e s i s t a n c e  b u i l u p  d u r i n g  t h e  
c e l l  opera,t ion.  
the e x c e s s i v e  m i g r a t i o n  of copper oxide p a r t i c l s s  t o  t h e  anode. 
I n  the c a s e  of v i t r o n ,  i t s  r e l a t i v e l y  
However, v i t r o n  does have a v a s t  network OP f i b e r s  t h a t  w i l l  p revent  
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C . SEPARATOR RESISTANCE 
The s p e c i f i c a t i o n s  o f  t h i s  c o n t r a c t  r e q u i r e  t h a t  t h e  AC r e s i s t a n c e  c o n t r i b u t e d  
by each s e p a r a t o r  m a t e r i a l  be peasu red  a t  t h e  beginning  and t e r m i n a t i o n  of a 200 
hour  soaking  pe r iod  i n  59 mole % LiCl + 41 mole % K C 1  e l e c t r o l y t e  a t  427 C (800'F). 
For t h i s  w o r k  a General  Radio Conductance Bridge was used a t  1000 c p s .  
0 
Since  t h e  change of r e s i s t i v i t y  of t h e  s e p a r a t o r s  i s  t o  be measured over  a 200 
hour  pe r iod ,  i t  was r e q u i r e d  t h a t  t h e  c o n d u c t i v i t y  of t h e  e u t e c t i c  c h l o r i d e s  does 
no t  change ove r  t h i s  pe r iod ;  o r  if i t  does,  i t  must be determined i n  what f a s h i o n  
it changes.  F igu re  63 , Appendix I shows t h e  exper imenta l  arrangement .  used i n  t h i s  
de t e rmina t ion .  It was found t h a t  t h e  r e s i s t a n c e  o f  t h e  me l t  remained c o n s t a n t  over  
t h i s  per iod  of t ime and t h e  average  d e v i a t i o n  from t h e  mean was -t 3%. 
This  shows t h a t  t h e  e u t e c t i c  c h l o r i d e  e l e c t r o l y t e ' s  r e s i s t a n c e  i s  i n v a r i a n t  
w i m  xime over  %ne GUU nour  pe r ioa  aria consequenciy w i i i  r i u c  cause a r i y  s y s i , e r n a ~ ~ c  
e r r o r  when de te rmin ing  t h e  r e s i s t a . n c e s  of t h e  i n d i v i d u a l  s e p a r a t o r s .  
A t h e o r e t i c a l  and exper imenta l  t r ea tmen t  presented  by Meredi th  and Tobias ,  J .  
Electrochem. Soc. ,  112, 1257 (1963) a l lows  t h e  r e s i s t a n c e  of a s e p a r a t o r  t o  be c a l -  
c u l a t e d  i f  i t s  open space  t o  s o l i d  r a t i o ,  and t h e  c o n d u c t i v i t y  o f  t h e  e l e c t r o l y t e  i s  
known. These c a l c u l a t i o n s  i n d i c a t e d  t h a t  our  p a r t i c u l a r  s e p a r a t o r s  would have a 
r e s i s t a n c e  of abou t  0.3.Q. Even though our  s e p a r a t o r s  do n o t  s t r i c t l y  adhere  t o  t h e  
assumption of Tobias ,  e t .  a l . ,  t h e  c a l c u l a t i o n  w a s  u s e f u l  i n  de te rmining  t h e  g e n e r a l  
magnitude o f  t h e  r e s i s t a n c e  t h a t  could be expec ted .  
I 
This  t h e n  imposes a s e r i o u s  r e s t r i c t i o n  on t h e  expe r imen ta l  appa ra tus .  The con- 
d u c t i v i t y  b r idge  ( d e s c r i b e d  p rev ious ly )  has  a n  accu racy  of + 1%. 
t h e  c o n d u c t i v i t y  c e l l  used m u s t  have a r e s i s t a n c e  i n  t h e  v i c i n i t y  of 1 ohm u s i n g  
on ly  t h e  LiC1-KC1 e u t e c t i c .  
has  been c o n s t r u c t e d  having  a r e s i s t a n c e  of  1 .00 ohm b u t  on measurement shows 1 .01  
This  means t h a t  - 
A s  a n  i l l u s t r a t i o n  l e t  u s  assume a c o n d u c t i v i t y  c e l l  
ohm ( t h e  4- 1% accuracy ) .  
i n h e r e n t  r e s i s t a n c e  of 0.22 ohm t h e  in s t rumen t  might read  as l o w  as 1.21 ohm. 
Then if a s e p a r a t o r  i s  i n s e r t e d  i n  t h e  c e l l  having  a n '  
Upon s u b t r a c t i n g  t h i s  would g i v e  a measured va lue  o f  0.20 ohm f o r  t h e  s e p a r a t o r ,  
o r  be i n  a c t u a l  e r r o r  by 0;02 ohm. This  w i l l  g i v e  us  a va lue  t h a t  is  on ly  .t - 10% 
r e l i a b l e .  
.r 
It i s  f e l t  t h a t  t h i s  i l l u s t r a t i o n  would more c l ea , r ly  j u s t i f y  t h e  reason  
f o r  u s i n g  a conduc t iGi ty  c e l l  w i th  a low r e s i s t a n c e .  
After  a number of a t t e m p t s  t o  c o n s t r u c t  a c e l l  w i th  t h e s e  p r i n c i p l e s ,  one was 
made t h a t  d i d  n o t  l e a k  and was convenient  f o r  our  use .  E s s e n t i a l l y ,  i t  c o n s i s t s  o f  
a nonporous ceramic p l a t e  w i th  a "V" s l o t  c u t  from i t .  On both s i d e s  of t h e  p l a t e  
a s t r i p  o f  magnesium i s  p laced  and h e l d  t o g e t h e r  by p r e s s i n g  between two i n s u l a t e d  
hea ted  p l a t e n s .  The ceramic p l a t e  c o n t a i n s  a sha l low s l o t  i n  which t h e  s e p a r a t o r  
can be i n s e r t e d  wi thou t  i n c r e a s i n g  t h e  d i s t a n c e  between t h e  magnesium e l e c t r o d e s .  
The open end of t h e  V s l o t  a l l o w s  t h e  e l e c t r o l y t e  l e v e l  t o  be main ta ined  and 11 I I  
c. 
ussez'wea a a s ~ ~ y .  iiie area VI L I ~ W  s a p a ~ ~ a ~ , u r ~  W A ~ U ~ W U  1 1 1  L I L W  G U L L  w o a  c).uo c ~ i u  . 
Figure  64, Appendix I shows t h e  phys ica l  c o n s t r u c t i o n  of t h i s  t e s t  c e l l .  
The r e s i s t a n c e  of a s b e s t o s ,  woven g l a s s ,  f i b e r f r a x  and v i t r o n  v e r s u s  t ime  is  
shown i n  F igu re  65, Appendix I. The v i t r o n  and f i b e r f r a x  samples examined were 62 
t a i l s  t h i c k  whi le  t h e  o t h e r  m a t e r i a l s  had a t h i c k n e s s  as noted i n  S e c t i o n  A .  The 
t a b l e  below i s  a n  a t t e m p t  t o  compare t h e  r e s i s t i v i t i e s  of each material on t h e  
ttlsis of a uniform t h i c k n e s s .  
! '5sleading s i n c e  t h e  t e s t  was t e rmina ted  a f t e r  approximate ly  40 hour s  due t o  t h e  
l i s i n d e g r a t i o n  of  t h e  s e p a r a t o r .  
I n  t h e  c a s e  of  t h e  woven g l a s s  t h e  t a b l e  i s  somewhat 
Table 31. S e p a r a t o r  M a t e r i a l  Res i s t ance  
M a t e r i a l  ' 
Asbestos  
Woven G l a s s  
F i b e r f  r ax  
V i t r o n  
Porous P o r c e l a i n  
Thickness  
( m i l s )  
40 
7 
62 
62 
79 
R 
( . Q / m i l >  
6.76 
66.5 
5.74 
2.42 
5.06 
From t h i s  t a b l e  a p re l imina ry  e v a l u a t i o n  can  be made on t h e  b a s i s  o f  r e s i s t a n c e  
a l o n e .  The t h r e e  m a t e r i a l s  t h a t  showed t h e  lowes t  r e s i s t a n c e  were v i t r o n ,  porous 
p o r c e l a i n  and f i b e r f r a x  r e s p e c t i v e l y .  Porous p o r c e l a i n  would n o t  y i e l d  any r e l i a b l e  
- - -  - ----: -*---c -e-: n + a n n n  mnnCil-nrnanfq Thn r n s i  s t . a n o e  measured was h igh  throughout  
t h e  t e s t  bu t  showed f l u c t u a t i o n s  o f  +- 1.00% of  i t s  average  va lue  of 2 0. 
t h a t  t h e  e u t e c t i c  c h l o r i d e  could  n o t  p e n e t r a t e  t h e  pore s t r u c t u r e  uniformly.  O f  
t h e  remaining f o u r  s e p a r a t o r  m a t e r i a l s  t e s t e d ,  on ly  two  showed a c o n s t a n t  r e s i s t a n c e  
ove r  t h e  two hundred hour  pe r iod ,  i . e . ,  f i b e r f r a x  and v i t r o n .  Both of t h e s e  
m a t e r i a l s  gave an  i n i t i a l  h i g h  r e s i s t a n c e :  f i b e r f r a x  0.42 and v i t r o n  0.68 R.  
- _  - 
It appeared - 
This  appears  due t o  incomplete  s a t u r a t i o n  o f  t h e  s e p a r a t o r  a t  t h e  beginning  of t h e  
k e s t .  
f u s i o n  o f  t h e  sa l t  w i t h  t h e  s e p a r a t o r  immersed i n  it. F i b e r f r a x  a l s o  has  t h e  
tendency t o  become 'pulpy and l o s e  i t s  in tended  c o n f i g u r a t i o n  a f t e r  200 hours  i n  
t h e  e u t e c t i c  as desc r ibed  p rev ious ly  i n  t h e  s t a b i l i t y  t e s t i n g  r e s u l t s .  V i t r o n  has  
I n  a n  a c t u a l  c e l l  t h i s  i n i t i a l  h i g h  r e s i s t a n c e  can  be e l imina ted  by pre-  
B, s l i g h t  tendency t o  s w e l l  i n  t h e  e u t e c t i c  bu t  remains mechanica l ly  sound. 
and woven glass develop  c r a c k s  and tend  t o  d i s i n t e g r a t e  i n  t h e  e a r l y  p a r t  o f  t h e  
t e s t i n g  {- 20-40 h o u r s ) .  
Asbestos  
88 
Consider ing  t h e  r e s u l t s  of  t h e  s t a b i l i t y  t e s t i n g  i n  S e c t i o n  B and t h e  r e s i s t a n c e  
experiments d i s c u s s e d  i n  t h i s  s e c t i o n ,  it must be concluded t h a t  v i t r o n  o f f e r s  t h e  
bes$ choice  as a s e p a r a t o r  *for t h i s  c e l l  system. 
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APPENDIX I1 
ANALYSIS PROCEDURES 
AND 
CALCULATI OXS 
APPEDJDIX 11 
PREPARATION AND STAXDARDIZATION OF CERIC SULFATE SOLUTION 
A .  PREPARATION OF CERIC SULFATE SOLUTION 
1. Placed  500 m l .  of d i s t i l l e d  w a t e r  i n  a 1509-ml beaker .  
2 .  While constant1.y s t i r r i n g  t h e  c o n t e n t s ,  28 m l .  o f  36N H SO was slowly addec'. 
3 .  
4. Added t h i s  compound t o  t h e  s u l f u r i c  a c i d  s o l u t i o n  and c o n t i n o u s l y  s t i r r e d  
2 4  
Weighed o u t  63 grams of  (NH4)4Ce (SO ) . 2H20 
4 4  
u n t i l  -the s o l i d  was d i s s o l v e d .  
5.  The s o l u t i o n  was d i l u t e d  t o  approxima,tsly one l i t e r  and t r ans fe r r ed  t o  a 
clean,grou.nd - g l a s s  -s  toppered  € l a s k  . 
6.  C e r i c  s u l f a t e  s o l u t i o n s  are u n a f f e c t e d  by l i g h t  and t h u s  a c l e a r  f l a s k  was 
used .  
R . STANDARDIZATION 9F CERIC SULFATE 2OLUTiOV AGA1I':CT ARSEi;TOi.iS OXIDIC 
U 
1. Approximately one gram of R s  0 was d r i e d  af 100-105 C f o r  one hour .  
2. Samples of 0 .2  grams were a c c u r a t e l y  weighed o u t  i n t o  e a c h  of' t h r e e  500-rnl 
2 3  
f l a s k s  . 
3 .  The A s  0 was d i s s o l v e d  i n  10 m l  of c o l d  6N NaOH. The m i x t u r e  was s w i r l e d  2 3  
c o n t i n o u s l y  u n t i l  complete  s o l u t i o n  of t h e  s o l i d  w&s o b t a i n e d .  
4. 75 m l .  of water and 2 5  m l .  o f  6N H SO were added. 
5.  Two drops  of 0.01F Os0 r e a g e n t  and 2 d r o p s  of 0.025F o r t h o p h e n a n t h r o l i n e  
2 4  
4 
f e r r o u s  s u l f a t e  were t h e n  added.  
6.  These piyepared s o l u t i o n s  were t i t r a t e d  w i t h  t h o  co;-ic s u l f a t e  s o l u t i o n  i j r i t 5 l  
t h e r e  was a pronounced l o c a l  d e c r e a s e  i n  t h e  p ink  c o l o r  upon dropwise a d d i t i o n  of t h s  
c e r i c  s u l f a t e  s o l u t i o n .  T h e r e a f t e r , t h e  c e r i c  s u l f a t e  was added i n  f r a c t i o n s  of a drop  
u n t i l  t h o  p i n k  c o l o r  of t h o  i n d i c a t o r  w a s  no l o n g e r  p e r c e p t i b l e .  
‘7. An e n d p o i n t  c o r r e c t i o n  was o b t a i n e d  by s i m i l a r l y  t i t r a t i n g  a S o l u t i o n  
h a v i n g  t h e  same volume as d i d  the t i t r a t i n g  s o l u t i o n ,  and p r e p a r e d  w i t h  t h e  same 
amounts of NaOH, H SO Os0 and i n d i c a t o r .  The end p o i n t  c o r r e c t i o n  normal ly  was 
a b o u t  0 . 0 3  m l .  
2 4’ 4 a’ 
8. The e n d p o i n t  c o r r e c t i o n  w a s  s u b t r a c t e d  from t h e  s t a n d a r d i z i n g  t i t r a t i o n  
and t h e  n o r m a l i t y  o f  the c e r i c  s u l f a t e  s o l u t i o n  w a s  c a l c u l a t e d .  
&iEPARATION AND STANDARDIZATION OF THIOSULFATE SOLUTIONS 
A .  PREPARBTION OF THIOSULFATE SOLUTIONS 
r 
I 
1. One l i t e r  of d i s t i l l e d  w a t e r  was brought  j u s t  t o  t h e  b o i l i n g  p o i n t  and 
a l lowed t o  s l o w l y  b o i l  f o r  5 m i n u t e s .  
2. .Twenty-f ive (25)  gra,ms of N a  S 0 5H 0 and 0.1 gram of N a  GO were d i s s o l v e d  2 2 3 ‘  2 2 3  
i n  t h e  f r e s h l y  b o i l e d  w a t e r  a € t e r  c o o l i n g .  
B . STANDPiRDIZATION OF THIOSULFATE SOLUTIONS 
1. Samples of c l e a n ,  d r y  copper  f o i l  were a c c u r a t e l y  weighed of s u c h  s i z e  t o  r e -  
q u i r e  from 25 t o  35 m l  of t h e  t h i o s u l f a t e  s o l u t i o n .  
2. The samples  were t r a n s f e r r e d  t o  200-ml f lasks.  
3 .  F i v e  m i l l i l i t e r s  of 6N HNO were added, t h e  f lasks  covered  with a watch 3 
xlass, and  g e n t l y  h e a t e d  t o  d i s s o l v e  t h e  m e t a l .  ,I 
4. When t h e  s o l u t i o n  was complete ,  t h e  watch g l a s s  w & s  removed and 10 m l  of 
1 8 N  H2S04 was added.  I 
5 .  The s o l u t i o n  w a s  e v e p o r a t e d  on a h o t  p l a t e  u n t i l  t h e  H SO gave o f f  c o p i o u s ,  2 4  
dense  w h i t e  fumes . 
6. The s o l u t i o n  was a l lowed t o  c o o l .  
7 .  One m i l l i l i t e r  p o r t i o n s  o f  w a t e r  were added u n t i l  a t o t a l  of  5 m i l l i l i t e r s  
had accumule ted  a f t e r  which 1 5  m l .  a .dd i t iona1  were added.  
186 
8. The s o l u t i o n  w a s  b o i l e d  f o r  1-2 minutes  and a l lowed t o  c o o l  t o  room tem- 
p e r a t u r e .  + 
9.  Vfliile c o n s t a n t l y  s w i r l i n g  the c o l d  H SO s o l u t i o n ,  15N 8I-I 014 was s ~ 0 ~ v l . y  - 2 4  4 
added u n t i l  the  f i r s t  p e r c e p t i b l e  b l u e  c o l o r  of t h e  c u p r i c  ammine complex was 
o b t a i n e d .  
10. S i x  normal H SO w a s  added dropwise u n t i l  t h i s  b l u e  c o l o r  j u s t  d i s a p p e a r e d  2 4  
and t h e n  1 m l .  w a s  added i n  e x c e s s .  
11. The s o l u t i o n  was a g a i n  c o o l e d  t o  room t e m p e r a t u r e .  
12. Four grams of K I  were d i s s o l v e d  i n  1 0  m l .  of water and added t o  the  copper  
c o n t a i n i n g  s o l u t i o n .  
13. The s o l u t i o n  8as s w i r l e d  g e n t l y  and c o n t i n u o u s l y  and immediately t i t r s ? t e d  
' - 7 - -  .-.-A41 +I?,-, -*,nr . _  - w i t h  t h e  t h i o s u l f a t e  s o l u t i o n .  'I'he till 0 S U i J . a . W  WW, uuLLvu -.y.--.-d 
o f  t h e  i o d i n e  became i n d i s t i n c t .  
1 4 .  Three m i l l i l i t e r s  o f  s t a r c h  i n d i c a t o r  s o l u t i o n  were added and  t i t r a t e d  a l m o s t  
to t h e  d i s a p p e a r a n c e  of t h e  s t a r c h  c o l o r .  
15. Two grams of KSCN was added and  t i t r a t e d  to  t h e  d i s a p p e a r a n c e  o f  the  starch 
c o l o r .  
1 6 .  The b u r e t  r e a d i n g  was r e c o r d e d  and t h e  n o r m a l i t y  o f  t h e  t h i o s u l f a t e  was 
c a l c u l a t e d .  
ELJ3CTROLYTIG DETERMIMATION OF COPPER 
1. I n  a 200-ml b e a k e r  a s o l u t i o n  was p r e p x e d  c o n t a i n i n g  0.2 grams of copper  
p e r  100 m l .  This was done by d i s s o l v i n g  t h e  Cu 0 and CuO i n  12N I I C I .  
, 2  
2 .  F i v e  m i l l i l i t e r s  OS 6 N  HN03 were added and t h e  s o l u t i o n  was c a r e s t u l l y  
ovapors led  t o  d r y n e s s .  
3 .  One hundred m i l l i l i t e r s  of water were sddod a f t e r  c o o l i n g  t h e  beaker .  
3.81 
4. Two m i l l i l i t e r s  of 3 6 N  H SO and 1 m l  of f r e s h l y  b o i l e d  16N m03.were 
2 4  
added t o  t h e  s o l u t i o n .  
5. 
w i t h  water,  d r i e d  i n  air and f i n a l l y  t h e  ca thode  was weighed. 
6 .  
The p la t inum e l e c t r o d e s  were c l e a n e d  i n  h o t  6 N  HN03, r i n s e d  t h o r o u g h l y  
The e l e c t r o d e s  were a t t a c h e d  t o  t h e  power s-ource and t h e  beaker  vias r a i s e d  
i n t o  p o s i t i o n  s o  t h a t  t h e  e l e c t r o d e s  reached  n e a r l y  t o  t h e  bottom b u t  y e t  n o t  com- 
P J e t e l y  immersing t h e  e l e c t r o d e s  . 
7 .  A s p l i t  watch glass w a s  p laced  on t h e  beaker  t o p  t o  p r e v e n t  l o s s  of s o l u t i o n  
from b u b b l i n g .  
8. With t h e  maximum r e s i s t a n c e  i n  the c i r c u i t ,  t h e  c u r r e n t  was i n i t i a t e d .  
9.  Using a glass p r o p e l l e r ,  a s t i r r e r  w a s  p laced  i n  o p e r a t i o n .  
10. The c u r r e n t  vias a d j u s t e d  t o  3-4 amperes.  
t h e  c a t h o d e .  
13. The s o l u t i o n  was e l e c t r o l y z e d  1 5  minutes  more a t  1 amp. 
14. If no copper  appeared  on t h e  f r e s h l y  immersed s u r f a c e ,  t h e  d e p o s i t i o n  was 
c o n s i d e r e d  comple te .  Otherwise , e l e c t r o l y z i n g  c o n t i n u e d  u n t i l  t h i s  t e s t  shovrcd no 
f u r t h e r  d e p o s i t i o n  of copper .  
) 15. When t h e  e l e c t r o l y s i s  was complete ,  t h e  beaker  w a s  slowly lowered whi le  
d i r e c t i n g  a stream of water o v e r  t h e  e l e c t r o d e .  
1 6 .  When the e l e c t r o d e s  were comple te ly  f r e e  of  t h e  so lu . t ion ,  t h e  c u r r e n t  vias 
t u r n e d  o f f .  
17 .  The c a t h o d e  was r i n s e d  i n  methanol and a l lowed t o  d r y  a t  room tempera’ture.  
18. The c a t h o d e  V J ~ S  weighed and t h e  weight  of copper  d e p o s i t e d  was c a l c u l a t e d .  
19 .  The percenta,ge of  copper  as t h e  oxide  w a s  c a l c u l a t e d .  
188 
TASK I V .  CELL DESIGN CALCULATIONS 
1. Volume o f  Anode 
3 -  
~ ( 0 . 7 7 2 ) '  (0.485) = 0.908 i n  - 14.880 cc  
2. Voluirie of Anode Connector  
2 3 -  
2 3 -  
3 - 4  
~ ( 0 . 0 6 2 5 )  (1.271) = 0.013 i n  - 0.169 c c  
~ ( 0 . 1 2 5 )  (0.125) = 0.006 i n  - 0.100 cc 
T o t a l  Volume = 0.019 i n  - 0.269 c c  
3. Volume S e p a r a t o r  Reta , iner  Ring 
2 3 -  
~ ( 0 . 0 3 1 3 )  (5r)(0.188) = 0.001 i n  - 0.021 cc  
3 -  
3, 
1/8 overlap = 0.0001 i n  - 0.002 c c  
Total Volume = 0.0011 i n  - 0.023 cc  
4. Volunie S o l i d  i n  S e p a r a t o r  
2 3 N  
~ ( 2 . 4 G )  (0.375) = 7.126 in ,-., 116. ' iH l  cr. 
~ ( 0 . 7 7 ) '  (0.375) = 0.69'7 i n  ," 11*422 c c  
T o t a l  Volume = 7.823 i n  - 128.203 cc 
- 16.667 c c  
3 
3 ,  
3 3 -  
(7.823 in ) (0.13 s o l i d )  = 1.017 i n  
5. Volume Cathode R e t a i n e r  Ring 
? 3 -  ~ r ( 0 . 0 6 2 5 ) ~ ( ~ ) ( 2 . 4 5 6 )  = 0.095 i n  - 1 . 5 5 1  G C  
6. S o l i d  Volume o f  Cathode 
3 -  
~ ( 1 . 1 6 6 ) ~ ( 0 . 3 l 5 ) ( 4 . 0 5 )  = 0.851 i n  - 13.956 c c  
-7 
7. T o t a l  Volume o f  Components I n s i d e  C e l l  
Anode Volume 
Anode Connector  Volume 
S e p a r a t o r  R e t a i n e r  Ring Volume 
S o l i d  S e p a r a t o r  Volume 
Cathode R e t a i n e r  Ring Volume 
'p S o l i d  Cathode Volume 
T o t a l  Volume 
8. Volume of  357.5g of  S o l i d  S a l t  
= 176.108 cc  
N 
357.5 
2.03 
0.908 i n  14.880 cc  
0.019 0.269 
0.001 0.023 
1.017 16.66'7 
0.095 1 . 5 5 1  
0.851 13.956 
47.346 2.891 i n  
3 
3 
10.746 i n  
0 
9 .  Volume of 357.5g o f  L i q u i d  S a l t  a t  427 C 
357.5 
P ., n r .  
3 
= 215.361 C G  13.141 i n  
N 
-.-1 
10. T o t a l  Volume Required I n s i d e  C e l l  
Component Volume 
Liquid  S a l t  Volume 
T o t a l  
11. Height  of  I n s i d e  of C e l l  
8.390 cm - 2 -  N 262.707 - 
*& d \  a((1.243 x 2.54) 
12. S o l i d  S a l t  Height  
Component Volume i n  E l e c t r o l y t e  
- 6.644 cm - 
2 -  N 
207.947 
lr(1.243 x 2.54) 
47.346 cc  
215.361 cc  
262.707 cc  N 16.030 i n  
N 3 
3.303 i n  
N 3 
207.947 c c  - 12.690 i n  
2.615 i n  
